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a. PROJECT TITLE: Spread, Ecological Impacts, and Control of Alien (Spartina alterniflora) x
Native (S. foliosa) Hybrid Cordgrasses in the San Francisco Estuary

APPLICANT NAME: Donald R. Strong, Professor, Bodega Marine Laboratory, University of
California, Davis 94923. Phone (707) 875-2022, FAX 875-2089, email drstrong(@ucdavis.edu

b. PROJECT DESCRIPTION: This is a proposal for research, control, and education concerning
the inwvasive lien saltmarsh cordgrass wnd its hybrids with the native California cordgrass (S.
foliosa) in San Francisco Bay and Sacramento estuary. Introduced with the flood control
construction of New Alameda Creek in the mid 1970's, saltmarsh cordgrass has spread over the
saline emergent wetlands of south San Francisco Bay. It and its hybrids now threaten to invade
the north Bay and Sacramento estuary. The alien and hybrids grow denser and taller and are
more tolerant of submersion than the native California cordgrass; extinction of native cordgrass
is a possibility. Alien cordgrass and its hybrid trap sediment, divert tidal flow, and destroy the
saline wetlands that are habitats of shorebirds, fish, and invertebrates; wildlife, flood control,
navigation, and recreation all suffer from these invasive cordgrasses. The alien and hybrids are
covering an increasing fraction of the open intertidal mud in the Bay, open mud that is a hallmark
of Pacific estuarics. Most of the emergent saline wetlands of San Francisco Bay, and indeed of
the entire Pacific coast, were lost to development over the last century. Alien cordgrass and the
hybrids threaten the remainder of these wetlands. At the same time, the native California
cordgrass is of great value as the primary species of the high intertidal wetlands of San Francisco
Bay and as habitat for the endangered clapper rail and salt marsh harvest mouse.

The alien has hybridized with native cordgrasses at the sites that we have tested with our
molecular markers (Coyote Hills marsh and New Alameda Creeks, Hayward Regional Shoreline,
and San Bruno marsh). The hybrids are intermediate between their morphologically similar
parents. Randomly amplified polymorphic DNA (RAPD) markers and DNA sequences of the
chloroplast leucine tRNA gene intron provide the only definitive distinctions of parents and
hybrids. The alien produces approximately four times as much pollen per unit area in the marsh,
and alien pollen is produces more seed than native pollen on native stigmas. Our preliminary data
indicate that the hybrid comprises between 20% and 40% of plants where the alien and native
grow interspersed. Is the fraction of hybrids increasing? Spreading by seed and displaced
rhizomes, the alien, and by inference, the hybrids are moving northward toward north San
Francisco Bay and the Sacramento estuary.

b. PROJECT OBJECTIVES: The objectives are basic research, monitoring spread,
developing strategies of control, and education concerning control. The basic research addresses
the rate of introgression of the alien into native populations. Monitoring concerns the rate of
spread of the alien and hybrids. The control work will develop optimum application regimens
and measures of performance of the herbicide glyphosate (registered for aquatic use in California i
as “Rodeo™) in killing aliens and hybrids, while avoiding and conserving native cordgrass. The
education objectives are, 1. to produce a manual of molecular techniques for distinguishing the
species and hybrids and of techniques for control of the alien and hybrids that preserve and
enhance the native, 2. seminars for land managers and other stakeholders relative to objective 1.
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¢. APPROACH, TASKS, AND SCHEDULE. We have developed techniques for all phases of
the proposed work (see attached publications). For the basic research on hybridization we will
use protocols of DNA RAPD markers and chloroplast DNA sequences, for spread we will use
our field techniques, and for control we will use our herbicide techniques. For the education
component of our goals, we will work with California Sea Grant. The schedule for laboratory
and field work will involve collection and analysis of specimens for the full three years of the
project. The preparation for publication of the manual and the seminars on control of alien and
hybrid cordgrass will be conducted in year three.

d. CALFED JUSTIFICATION. This work address (referenced pages in RFP): “saline emergent
wetlands habitat” (to which the alien and hybrids will spread, p. 22, #5 “saline emergent
wetlands” (where they now exist, P. 22,#6), “habitat loss”...(of)... “neotropical migratory bird
guilds™ (= shorebirds, which cannot feed in alien or hybrid cordgrass p.24, #9), and “changes in
depth, ...wetted area.., sediment transport, ...inadequate flow, (and) hydrological isolation of
flood plains” (alien cordgrass and hybrids trap and accrete sediment and divert tidal flows, p. 25,
#1), “loss of ...tidal wetlands “ (p. 26, #2), “loss of refuge habitat... and decreased food
production for fish and wildlife species...(and)...minimizing deleterious impacts from exotic
plant species, eradication programs, ...education programs” (P. 30 #3).

e. BUDGET COSTS (plus 22% overhead)
Annual 3 Year Totals
i. Post doctoral Associate

(PGR VI, full time)* $ 40,960 122,880
ii. Two Graduate students (% time)* 35,870 107,610
iii. One month salary/ year, DRS * 9,345 28,035

(cost sharing for additional month
of DRS’ salary).
iv. Supplies, reagents, travel 14,250 42,750

* including fringe benefits totals $59,465 $178,395

f. APPLICANT QUALIFICATIONS. The applicant is a professor of Biological Science at U. C.

Davis with an active laboratory working with invasive salt marsh plants (see attached vitae and
publications).

g. MONITORING AND DATA EVALUATIONS. This project will monitor the invasive front
of the alien and hybrid cordgrasses, bi-monthly during the project.

h. COORDINATION WITH OTHER PROGRAMS. The education component with be
developed with Sea Grant.

CALFED OBJECTIVES: addressing “ non-flow related factors that negatively impact the Bay-
Delta ecosystem,” .., “loss of habitat”...impacting aquatic..species...”high-risk species”...”broad
ecosystem benefits.”
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Brief Vitae: July, 1997

Donald R. Strong.

Professor, Division of Biological Science, Section of Evolution and
Ecology, Univ. California, Davis.

Address: Bodega Marine Laboratory, Box 247 Bodega Bay, CA 94923,

Phone(707) 875-2022.

FAX (707) 875-2089, 875 2009.

EMAIL DRSTRONG@UCDAVIS.EDU.

Home Address: 310 Hill Bivd., Petaluma CA 94952, phone (707) 778-1496.

Graduate Group Membership at UCD: Population Biology GG, Ecology GG,
Plant Biology GG.

BORN: Chelsea, Massachusetts, U.S.A., May 22, 1944

SPOUSE: Karin Benson Strong

CHILDREN: Sophia Benson Strong, B. 1980, Erik Benson Strong, B. 1984

EDUCATION:

University of California, Santa Barbara, B.S.,w/Honors Zoology, 1966.

University of California, Irvine, M.S., Biology, 1968.

University of Oregon, Eugene. Ph.D., Biology, 1971.

Ford Foundation Postdoctoral Fellow in Population Biology,
University of Chicago, Department of Biology, 1971-72.

ACADEMIC AND RESEARCH HISTORY:

Assistant (1973), Associate Professor (1977), then Professor (1983), Florida State
University, Tallahassee, Florida, Department of Biological Science.

OTS Course Coordinator, 1977-3

Associate Editor: Ecological Entomology, 1980-1992.
Editor and Founder: Ecology, "Special Features" section, 1986-1990.

Editorial Board: Ecology, 1983-1989, Ecological Monographs, 1983-1989.

Editorial Board, Qecologia, 1996- present.

Visiting Research Fellow. Swedish University of Agriculture, Uppsala,
summer 1989, summer 1990,

Distinguished Research Fellow, Bodega Marine Laboratory, 1988.

Al Boyce Award in Entomological Research, UC Riverside, 1990.

Professor, Section of Evolution and Ecology, UC Davis and Bodega Marine
Laboratory 1991-present.

AREAS OF EXPERTISE
Saltmarsh ecology, molecular systematics and evolution of saltmarsh plants, biological
control.
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SELECTED PUBLICATIONS from Laboratoyr of D. R. Strong (Since 1993).

Daehler, C. C. and D. R. Strong. 1997. Hybridization between introduced smooth cordgrass
(Spartina alterniflora: Poaceae) and native California cordgrass (S. Foliosa) in San Francisco
Bay, California, USA. American Journal of Botany 85:607-611.

Strong, D. R. 1997. Quick indirect interactions, at least for intertidal webs. TREE. 12:173.

Daehler, C. C. and D. R. Strong. 1997. Reduced herbivore resistance in introduced smooth
cordgrass (Spartina alterniflora) after a century of herbivore-free growth. Oecologia 110:99-
108.

Dachler, C. C. and D. R. Strong. 1996. Status, prediction and prevention of introduced
cordgrass Spartina spp. invasions in Pacific estuaries, USA. Biological Conservation 78:51-
58.

Strong, D. R. 1995, Cordgrass Invasions Likely in Northern San Francisco Bay. Interagency
Newsletter of Scaramento-San Joaquin Estuary Summer, p. 7

Daehler, C.C. and D.R. Strong. 1995. Impact of high herbivore densities on introduced
smooth cordgrass, Spartina alternifora, invading San Francisco Bay, California, Estuaries
18:409-417.

Daehler, C. C. and D. R. Strong. 1994. Variable reproductive output among clones of
Spartina alterniflora (Poaceae) invading San Francisco Bay, California: the influence of
inflorescence herbivory, pollination, and establishment site. Am. J. Botany 81:307-313.

Strong, D. R. and c. C. Daehler. 1994. Spread and Control of Alien Smooth Cordgrass in San
Francisco Bay. Interagency Newsletter of Scaramento-San Joaquin Estuary, Autumn, p. 3-4.

Daehler, C. C. and D. R. Strong. 1993. Prediction and Biological Invasions. Trends in
Ecology and Evolution 8:380-381. 1992
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Oecologia (1997) 110:99-108

© Springer-Verlag 1957

Curtis C. Daehler - Donald R. Strong

Reduced herbivore resistance in introduced smooth cordgrass
(Spartina alterniflora) after a century of herbivore-free growth

Received: 8 March 1996 / Accepted: 16 October 1996

Abstract We compared resistance to insect herbivory in
two introduced populations of smooth cordgrass (Sparti-
na alternifiora) differing in their history of herbivory.
One population in Willapa Bay, Washington, has spread
in the absence of herbivory for more than a century,
while another population in San Francisco, California.
was introduced 20 years ago and is fed upon by the
Spartina-specialist planthopper, Prokelisia marginara.
The planthopper is a sap-feeder common on the Atlantic
and Gulf coasts of North America, where smooth cord-
grass is native. Smooth cordgrass plants from Willapa
Bay (WB), San Francisco Bay (SFB). and Maryland (the
source of the SFB introduction) were exposed to P. mar-
ginata herbivory over two consecutive summers in a
common greenhouse environment, and their growth was
compared with that of control plants that were grown
herbivore-free. The planthoppers had relatively little ef-
fect on the growth of SFB plants, with plants exposed to
herbivores averaging 77% and 83% of the aboveground
biomass of herbivore-free controls after the first and sec-
ond season of herbivory, respectively. The growth of
plants from Maryland was similarly little-affected by the
planthoppers, with the plants exposed to herbivores aver-
aging near 100% of the biomass of herbivore-free con-
trols after two seasons. In contrast, the growth of the WB
plants was greatly reduced by the planthopper, with the
plants exposed to planthopper herbivory averaging only
30% and 12% of the aboveground biomass of herbivore-
free controls after the first and second seasons of herbi-
vory, respectively, By the end of the second season of
herbivory, 37% of the WB plants exposed to herbivory
had died, while none of the SFB plants exposed to herbi-
vores had died. Among WB clones, there was variation
in resistance; one WB clone suffered 0% mortality while
another suffered 100% mortality when exposed 1o herbi-

C. C. Daehler (&=2)! - D. R. Stwrong
Center for Population Biology, Umvcrs:ty of Caltfomla Davis,
Davis, CA 94923, USA

Present address:
! Department of Botany, University of Hawai'i Manoa,
3190 Maile Way, Honolulu, HI 96822-2279, USA

a v ——

vores. Short-term herbivory experiments with the puta-
tive founder clone for the WB population suggested that
the WB founder was similar to the more resistant WB
clones in its susceptibility to planthopper herbivory. Ni-
trogen analyses of green leaf tissue indicated that WB
plants, including the WB founder clone, averaged 70%
more total leaf nitrogen than SFB and Maryland plants.
In a planthopper choice experiment, more planthoppers
were observed on WB plants than SFB plants afier
95 days of exposure to herbivory. Planthopper preference
for WB plants may have contributed to the lower resis-
tance of WB plants to herbivory; however, even before
planthoppers had become more abundant on the WB
plants, the proportion of leaves with 50% or more dead
tissue averaged significantly greater on the WB plants,
suggesting a difference between populations in tolerance
to herbivory as well. Multiple factors, including a foun-
der effect, further loss of herbivore tolerance, and herbi-
vore preference for WB plants, appear to account for the
reduced planthopper resistance in the WB population.

Key words Herbivore resistance - Herbivore tolerance - |
Herbivore preference - Founder effect - Invasive plants

Introduction

Founder effects, genetic drift, and natura! selection can
all lead to genetic differentiation in populations of an in-
vading species, relative to the invader’s source popula-
tion. Genetic differences between introduced populations
and putative native source populations of plant species
have been reported at the level of allozymes (Schwa-
egerle and Schaal 1979; Brown and Marshall 1981; Bar-
rett and Shore 1989; Rejmanek et al. 1991; Novak and
Mack 1993), DNA markers (Rejmanek et al. 1991), phe-
notypic traits (Wagner 1983; Glover and Barrett 1987;
Olivieri et al. 1991), and mating systems (Glover and
Barrett 1986; Bailey 1994), but genetic differentiation for
specific ecological traits important in interspecific inter-
actions has rarely been investigated in introduced plant
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populations (but see Jain and Martins 1979; Olivieri
1984: Blossey and Notzéld 1995). An ecological charac-
ter of particular interest in introduced plant populations
is response to herbivory. Because many introduced plant
species invade new geographic sites that Jack many or all
of their native insect herbivores (DeBach and Rosen
1991), there is the possibility that a population freed
from herbivory might lose adaptations to herbivory over
time (Janzen 1975}, as has been suggested for some grass
populations that were excluded from mammalian grazing
pressures for several decades (Painter et al. 1989) and
purple loosestrife introduced to the United States from
Europe (Blossey and Notzéld 1995). In this study, we
tested for genetic differentiation with respect to herbivore
resistance between two introduced Pacific populations of
smooth cordgrass (Spartina a{rermﬂom) with dlﬁ'enng
histories of herbivory at their sites of invasion,

Smooth cordgrass, a I- to 2-m-tall perennial salt-
marsh grass native (0 the Atlantic and Gulf Coasts of
North America, is presently invading open-mud intertid-
al habitats in both Willapa Bay, Washington and San
Francisco Bay, California. In Willapa Bay, smooth cord-
grass was introduced in 1894 with oyster shipments from
either the New York City area or Chesapeake Bay (Sayce
1988); the founding propagule may have consisted of a
single clone. This putative founding clone, identified as a
homogeneous circular patch from early aerial photo-
graphs, still survives today at its original site of estab-
lishment (Stiller and Denton 1995). A comparison of
DNA markers between the putative founding clone and
other plants in Willapa Bay suggested that all plants
were descendants of the putative founding clone, al-
though the descendants were not all genetically identicat
due 10 sexual recombination in this hexaploid species
{Stiller and Denton 1995). Over the past century, smooth
cordgrass in Willapa Bay has spread 1o occupy over
1000 ha of open mud, growing in the absence of insect
herbivores. In contrast, smooth cordgrass in San Francis-
co Bay is fed vpon by the planthopper. Prokelisia margi-
nata (Homoptera), a Spartina specialist that is also com-
mon where smooth cordgrass is native, along the Atlan-
tic and Gulf Coasts of North America (Denno et al.
1980; Strong and Stiling 1983). The San Francisco Bay
smooth cordgrass population was introduced in the mid-
1970s via seeds from a native population in Maryland
(Daehler and Strong 1994), and the planthopper was
present in San Francisco Bay before the introduction of
smooth cordgrass (Lane 1969).

In this study, we compared resistance to planthopper
herbivory between the Willapa Bay smooth cordgrass
population, which has not experienced insect herbivory
for more than a century, and the San Francisco Bay and
Maryland populations, which have historically been ex-
posed to insect herbivory. The goals of our study were:
(1) to test whether plants from Willapa Bay are less re-
sistant to planthopper herbivory than plants from San
Francisco Bay and Maryland; (2) to test planthopper
preference as a possible mechanism responsible for dif-
ferences in resistance between populations; and (3) to

address the possibility of a founder effect .in.the Willapa
Bay population by comparing resistance in the putative
Willapa Bay founder clone to that of other plants. Be-
cause smooth cordgrass in Pacific estuaries reduces na-
tive shorebird feeding habitats, threatens oystering
grounds, and clogs fleod control channels (Daehler and
Suong 1996), we were also interested in implications of
genetic differentiation among populations for the pros-
pects of biological control of this noxious invader.

Materials and methods
Measuring the effect of herbivores

Seeds of smooth cordgrass (Sparting alterniflora) were collected
in fall 1992 from four sites spanning the plant’s current distribu-
tion in Willapa Bay, Washingion (Diamond Point, Leadbetter
Point, Oysterville, and Palix River). Seeds from the San Francisco
Bay population were collecied from about 100 individual smooth
cordgrass clones located near the species’ original site of introdue-
tion at Covote Hills Slough in south San Francisco Bay. All seeds
were stored over winter in 50% sea water at 4°C and germinated
in spring 1993. Five seedlings from each population were vegeta-
tively propagated for herbivory experiments. The five seedlings
from the San Francisco Bay population were randomly chosen.
one from each of five different maternal plants, while the five Wil-
lapa Bay seedlings were also chosen randomly with the restriction
that one seedling was chosen from each of the four collection sites
{two from Diamond Poing were used, for a total of five seedlings).

The seedlings were crown over summer 1993 and winter 1994
in 30x45x13 cm pans containing 2 mixture of 25% Bodega Bay
intertidal mud and 75% vermiculite (by volume). These plants
were housed together in a greenhouse st Bodega Bay in northern
California. In March 1994, each plant was divided into 12 clonal
replicates consisting of three to five shoots. We attempted to allo-
cate equal root biomass to each replicate. These replicates were in-
dividually transferred to 2.8-1 pots containing the same mixture of
vermiculite and mud. Extra clonal replicates were also reserved
for later use in the planthopper choice experiment. In fall 1993,
smooth cordgrass seeds were obtained directly from a Maryland
poputation (Environmental Concerns Inc., St. Michaels, Md.). and
eight random seedlings that germinated in spring 1994 were trans-
ferred to 2.8-1 pots for use in the herbivory experiment.

In May 1994, the aboveground biomass of each clonal repli;
cate was estimated by measuring the length of all stems. Above-
ground dry biomass is highly comelaled with stem Jength in
smooth cordgrass (+=0.98, Daehler and Sirang 1995}, allowing ac-
curate, non-destructive estimates of aboveground hiomass to be
made from measurements of stem lengths. Within each clone, the
12 replicates were paired for equal size, and one replicale was ran-
domly assigned to the herbivory treatment, while the other was de-
ferred to the no-herbivary ¢ontrol group. The eight plants from
Maryland were alse paired by size and randomly assigned to the
herbivory treatment or the no-herbivory control group. All plants
were then transferred 10 a 2.5%3.5 m greenhouse that had been di-
vided in half with a fine mesh fabric (American Agrifabrics Inc.,
Alpharetta, Ga.) that prevenmtéd most planthopper dispersal be-
tween sides. Each half of the greenhouse held a large water 1able
containing 33% seawater, and all plants that had been assigned 10
the herbivory treatment were placed in the waler 1able on one side
of the greenhouse. The initial side 10 be used for the herbivory
reatment was chosen randomly, and a otal of approximately 300
adult planthoppers (P. marginata) collected from San Francisco
Bay were evenly sown onto plants in the herbivory treatment. All
pols in the herbivory treatment were in close proximity, allowing
planthoppers to move freely from pot 1o pot within the hcrbi\'ory
ireatment. The herbivore-free control plants were placed in the
identical water table on the opposite side of the greenhouse.
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Every week during the summer and every 2 weeks during the
winter, the location of plants within each wreatment was re-ran-
domized to minimize position effects, while every 2 weeks (every
3—4 weeks in the winter), the side of the greenhouse used for the
herbivory treatment was switched by moving all plants in the her-
bivory treatment (and their associated planthoppers) to the oppo-
site side of the greenhouse and placing the no-herbivory plaats
where the herbivory treaement had been. Throughout the summer,
the water tables were maintained with approximately 4 cm of
standing water by adding fresh water as needed, and every
4 weeks, 32 g Plantex 20-20-20 fertilizer dissolved in water was
added to each water table. Over the summer, completely dead.
shedding leaves (usually the oldest lzaves) were removed by hand,
simulating the natural removal of dead leaves by tidal action under
field conditions and allowing natural growth of the plants. Every
few weeks, we counted the number of planthoppers on three to
five planis to obtain rough estimates of planthopper deasities in
the herbivory treatment over time. Planthoppers occasionally
found on plants in the no-herbivory treatment were removed by
hand. and planthopper densities on the no-herbivory treatment al-
ways averaged fewer than one planthopper per two plants- With
this experimental design. each plant pair is treated as a replicate,
since plants making up pairs were identified before the start of the
experiment, and rotation was applied to all pairs in the same fash-
jon (C. M. Drake, personal comnmunication).

In mid-October 1994, the aboveground biomass of ali plants
“was estimated by measuring the fength of ail stems and shoots,
The planthoppers were then removed by spraving each plant with
a warering hose outside the greenhouse. The herbivore-free control
plants were also spraved with water. This October herbivore re-
moval simulated a nawral die-back of the planthopper population
that occurs over winter in the field (Roderick [987; Daehler and
Strong 1995).

In mid-April 1993. the stzms of all plants were again measured
o estimate combined over-winter and early spring growth. Ap-
proximately 300 adult planthoppers were then added 1o the herbi-
vory treatment, simulating the pulse in the planthopper population
that oceurs in the field in spring (Roderick 1987. Daehler and
Stwrong 1993). As in 1994, the herbivory treatment plants were ex-
posed to planthopper herbivory from Apdl until late September
1995, All stems and shoots from all plunis were then harvested
and dried to a constant mass at 35°C to determine final biomass.

Throughout the experiment. plants in the greenhouse were ex-
posed to natural sunlight. and large open vents at the sides and top
of the greenhouse provided a semi-open-air environment. Green-
house temperatures averaged around 23°C by day and 12°C by
night in the summers. Winter temperatures averaged about 2°C
lower, both day and night. On two sunny summer days, tempera-
tures in the greenhouse peaked at 33°C. while on the coldest win-
ter nights, temperatures dropped as low as 3°C. This range of tem-
peratures is similar to that in both 5an Francisco and Willapa Bays
(Nationa! Ocean Service 1994), although peak summer tempera-
tures in both Willapa Bay and San Francisco Bay exceeded those
in our greenhouse. and extreme low temperatures in Willapa Bay
were lower than those in our greenhouse.

Tmpact of herbivory on the Willapa Bay founding clone

Clonal fragments dug from the putative founding clone (Stiller and
Denton 1995) were obtained from K. Sayce (Willapa Bay, Wa.) in
early April 1995 and grown out in greenhouse pans in the same
mixture of intertidal mud and vermiculite used for the other plants.
April was the earliest date that the putative founder clone could be
sampled and shipped to us. After 3 months, the founder clone had
grown sufficiently to be divided into ten clonal replicates. The
clonal replicates consisted of two to five stems each and were
transferred to 2.8-1 pots. After 1 month of growih in the pots, the
replicates were measured, paired by size, and added to the herbi-
vory experiment, with one clonal replicate from eac.:h pair exposed
to planthopper herbivory and the other kept herbivore-free. The
herbivory treatment plants were exposed (o the planthoppers for

o
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& weeks, from August through September and their aboveground
biomass was then compared to that of the herbivore-free controls,

Planthopper choice experiment

In January 1995, extra clonal replicates from April 1994 were fur-
ther divided in replicates containing five 1o seven stems each and
transferred to 2.8-1 pots. Aboveground biomass of the plants was
estimated by measuring all stems in April, and ten plants from
Willapa Bay (four different clones) were paired by size with ten
plants from San Francisco Bay (five different clones). Pots were
transferred to a small {2x2 m) greenhouse and plant pairs were
placed in close proximity so that the leaves of plant pairs intermin-
gled. In early May, each plant was inoculated with seven third- or
fourth-instar planthapper nymphs, and the number of planthoppers
on cach plant was counted every 1-2 weeks over the summer lo
determine whether the planthoppers favored the Willapa Bay
plants over the San Francisco Bay plamis. The position of plant
pairs in the greenhouse was rotated every week to minimize posi-
tion effects, and each plant pair was fertilized every 4 weeks with
2 g of Plantex 20-20-20 dissolved in water. Individual planthepper
feeding scars on leaves are usually difficult to score; however, col-
lective feeding by multiple planthoppers can accelerate leaf senes-
cence and kill tissue directly (C. C. Dachler. personal observa-
tion). As an estimate of the impact of herbivory. in late August we
counted the proportion of leaves on each plant with 50% or more
dead (brown) tissue. If a plant contained more than 100 leaves, on-
ly the first 100 leaves encountered were scored,

In early August 1995, six fresh Willapa Bay-San Francisco
Bay plant pairs that had grown throughout the summer without
herbivores were added to the herbivore choice experiment to deter-
mine whether planthopper preference differed in mid-summer. No
planthoppers were placed on these fresh plants, rather they were
pasitioned in pairs in close proximity to infested plants. and the
planthoppers were allowed to colonize these plants nateally.
Planthopper counts on these new plants were made from August
through September.

Nitrogen analyses of leaf tissues

Green leaves from herbivory and herbivare-free plants that were
harvested in early September 1995 were dried at 55°C, ground 10 a
powder in an Alpine mill, passed through a #40 mesh and ana-
lyzed for total nitrogen content by the University of California Da-
vis DANR Analytical Laboratory {Davis, Calif.} using a nitrogen
gas analyzer (Sweency 1989). Where possible. leaves from two
replicate pots of each clone were analyzed separately from both
the herbivory and herbivore-free treatments; however, for two of
the five Willapa clones, leaves from herbivory treatment replicates
had to be pooled 1o obtain sufficient material for analysis. Total ni-
trogen content was also measured from green leaves of all eight
Maryland plants and four replicates of the Willapa founder ¢clone.

Statistical analyses

All statistical analyses were conducted using Systat version 5.01
for Windows {Systat Inc., Evanston, 111.). Differences between San
Francisco Bay and Willapa Bay plants in resistance to herbivory
were statistically analyzed using the difference between the foga-
rithms of biomass of the herbivore-free plant and the herbivory
treatment plant for each plant pair as the response variable. This
measure has been employed in comparing the fitness of selfed and
outcrossed progeny in studies of inbreeding depression (Johnston
and Schoen 1994). As in analyses of population differences in in-
breeding depression, it is the ratio between the biomass of the her-
bivory and herbivore-free plants that is of interest in comparing
the response to herbivory between populations. not the absolute,
scale-dependent differences in biomass between herbivery and
herbivore-free plants (Johnston and Schoen 1994). The logarith-
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mic transformation makes the ratio between herbivory and hecbi-
vore-free plants additive in the ANOVA and thus appropriate far
comparing populations and interpreting significant population ef-
fects in the ANOVA as differences in response 1o herbivory be-
tween the 1wo populations (Johnsion and Schoen 1994). In the
ANOQOVA, biomass measurements were treated as repeated mea-
sures over time (fall 1994, spring 1995, and fall 1995), place of or-
igin (San Francisco Bay or Willapa Bay) was treated as a fixed
facior, and clone nested within origin was considered a random

factor (Neter et al. 1990). Ahhough differences in log-transformed.

biomasses were used for all statistical analyses, untransformed ra-
tios between biomass of herbivery and herbivore-free plants are
presented in the figures for their relative ease of interpretation.

For the planthopper choice experiment. differences in plant-
hopper numbers on Willapa Bay versus San Francisco Bay plants
were analyzed using ANOVA, with number of planthoppers count-
ed on a plant at each census date as a repeated measure, plant ori-
gin as & fixed factor and plant pair as a random factor, Significant
differences between Willapa bay and San Francisco Bay plants at
each census period were then tesied for using univariate F-iests
{Wilkinson 1992).

Differences in nitrogen content of leaf tissues were compared
with analysis of variznce using log-transformed values for nitro-
gen content o improve normality. Origin of the plant (San Fran-
cisco Bay, Willapa Bay, Willapa Bay founder, or Maryland) and
herbivory treatment were both assigned as fixed factors in the AN-
OVA (Neter et al. 1990). All 1ests for significance based on AN-
OVAs used type HI sums of squares (Wilkinson 1992).

Results
Herbivore loads

By May 1994, plants in the herbivory treatment averaged
about 10 planthoppers per plant. Cohorts of eges hatched
almost synchronously approximately every 3 weeks, in-
creasing the population over time. In June, planthopper
densities averaged around 30 per plant and between July
and August planthopper densities ranged from 50 10 100
per plant. By September, a few weeks before removal of
the planthoppers, densities were estimated at above 200
per plant (mostly nymphs). The buildup of the planthop-
per population observed in the greenhouse over summer
is also characteristic of planthopper populations in the
field, and the densities of planthoppers in the greenhouse
experiment were similar to densities that commonly oc-
cur in the field in San Francisco Bay (Daehler and
Strong 1995). The greenhouse planthopper population
densities in 1995 followed a similar pattern 10 that in
1994,

Growth response to herbivores

There was a highly significant effect of plant origin on
growth response to herbivores (Table 1), reflecting a
much greater impact of herbivores on Willapa Bay plants
than on San Francisco Bay plants. The significant effect
of clone nested within origin (Table 1) indicated varia-
tion among clones within each population in their re-
sponse to herbivory (Figs. 1 and 2). A significant origin-
by-time interaction was due to an increasing difference
between the Willapa Bay plants and the San Francisco

Table I Repeated-measures analysis of variance o the difierence
between log-transformed biomasses of herbivore-free and herbi-
vore-exposed plants. Origin is the place of plant origin (San Fran.
cisco or Willapa Bay). A significant effect of origin indicates a
difference between Willapa Bay and San Francisco Bay popula-
tions in their response to herbivary. Time represents the time of
biomass measurement (fall 1994, spring 1995, or fall 1995).
Greenhouse-Geisser £=0.86; conclusions are not affected by
Greenhouse-Geisser correction for non-sphericity

af MS F P
Between subjects
Origin 1 5117 36.11 <0.001
Clone (Origin) 7 1.42 2.55 0.03
Emror 37 0.56
Whhin subjects
Time pi 430 10.0 <0.001
TimexOrigin 2 4.70 10.9 <(.001
TimexClone (Origin} 14 0.43 297 0.00)
Error 74 015
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Origin of Plants

Fig. 1 Mass of herbivore-¢xposed plants relative to no-herbivory
plants afier one summer (22 weeks) of exposure 10 herbivory by
the planthopper Prokelisia marginura. From left 10 right, the five
bars in the San Francisco Bay population represent clones coy34,
coy73, coy 140, coy8), and coy106, while the five bars in the Wil-
lapa Bay population represent clones diam10, lead2, oyst]0, pa-
lix5, and diam3. *The response of the Willapa Bay founder clone
10 22 weeks of herbivory was estimated by linear extrapolation of
the response 10 8 weeks of herbivory (see Results). Error bars re-
present 1 SE

Bay plants in their response to herbivory over time. The
longer the exposure to herbivory, the greater the differ-
ence between the response of the Willapa Bay and San
Francisco Bay populations (Figs. 1 and 2).

All of the Willapa Bay clones were less resistant to
berbivory than the San Francisco Bay clones (Fig. 2). At
the end of the first season, San Francisco Bay herbivory
plants averaged 77% of the biomass of herbivore-free
plants, while Willapa Bay herbivory plants averaged only
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.Fig. 2 Final mass of herbivory plants relative to non-herbivory

plants after two summers of exposure to herbivory by the plant-
hopper P. marginara. From left 1o right, the five bars in the San
Francisco Bay population represent clones coy84, coy70, coy 140,
coy81, and coy106, while the five bars in the Willapa Bay popula-
tion represent clones diam10, lead2, oyst1( (blank), palix3. and
diam5. All plants in the oyst10 herbivory treatment died. Error
bars represent | SE

30% of the biomass of herbivore-free plants (Fig. 1). At
the end of the second summer of herbivory, San Francis-
co Bay herbivory plants averaged 83% of the biomass of
herbivore-free controls, while Willapa Bay herbivory
plants averaged less than 20% of the biomass of herbivo-
rv-free controls (Fig. 2).

Between October 1994 and April 1995, all plants
grew without herbivores, and San Francisco Bay plants
increased in biomass by an average of 17% during this
peried (Fig. 3). During the same period, the Willapa Bay
plants that had been herbivore-free over the summer in-
creased in biomass by an average of 1% (not significant-
ly different from the San Francisco Bay plants), while
the Willapa Bay plants that had been exposed to herbivo-
ry during the summer lost an average of 65% of their
biomass, even though the herbivores “had been remoued
(Fig. 3).

After two seasons of herbivore exposure, none of the
San Francisco Bay plants in either of the treatments had
died (Table 2). Among the Willapa Bay plants, a single
plant in the no-herbivary treatment died, while 11 plants
(37%}) in the herbivory treatment died (Table 2). There
was variation in mortality rate among the Willapa Bay
herbivory clones, with one clone sui’fenn0 100% mortali-
ty and another 0% mortality (Table 2). :

The response of Maryland plants to herblvores was
similar to that of the San Francisco Bay plants, with
plants exposed to herbivory attaining similar biomass to
herbivore-free plants (Figs. 1 and 2) The replicates of
the Wiltapa Bay founder clone were only exposed to
8 weeks of herbivory, and after that period of exposure

Qv
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Fig. 3 Over-winter percent change in biomass for Willapa Bay
and San Francisco Bay plants. All treatments were free of plant-
hoppers over the winter. Willapa Bay summer herbivory plants lost
biomass over winter. while San Francisco Bay summer herbivory
plants gained biomass (**significant difference between popula-
tions, P<0.001, ns no significant ditference between populations,
P>0.03) Error bars represent 1 SE. We also tested whether the dif-
ference in proportional change in biomass between the na-herbi-
vory and herbivory treatments differed berween populations. The
difference in change in biomass was significantly greater for the
Willapa Bay population. indicating a significantly stronger effect
of herbivory on the over winter growth of the Willapa Bay plants
(r-test on clone means. r=3.03, Bonferroni-corrected £=0.03)

Table 2 Mortality of smooth cordgrass afier two seasons of
greenhouse growth in herbivore-exposed plants and herbivore-free
controls

Monality (% of clonal replicates)

Herbivory No herbivory
San Francisco Bay 0 0
Willapa Bay 37 3
Willapa Bay — by clone )
Diam5 0 0
Palix8 17 17
Lead2 17 0
Diami0 50 0
Qyst2 100 0

the herbivory plants averaged 85% of the biomass of her- '

bivore-free plants. A linear extrapolation for the effect of
22 weeks of herbivory (as experienced by the other Wil-
lapa Bay plants during the first year) gives an estimated
response of the Willapa Bay founder clone herbivory
plants having only 58% of the biomass of herbivore-free
plants, which is a stronger response to herbivory than ob-
served among the San Francisco Bay plants (Fig. D.
This estimate of the Willapa founder clone’s response to
herbivory may be conservative because the detrimental
effects of herbivory on growth are probably compounded
over time to some degree, rather than simply linear.
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Growth of herbivore-free control plants

By the end of the two seasons of greenhouse growth, the
herbivore-free Willapa Bay plants had increased in bio-
mass by 7.2 times on average, while the San Francisco
Bay herbivore-free plants had increased in biomass by an
average of 24 times, This overall difference in means be-
tween populations was significant  (r-test, 1=6.13,
P<0.01), however, there was also overlap between the
Willapa Bay and San Francisco Bay clones in net herbi-
vore-free growth, For example, San Francisco Bay ¢lone
coy&l and Willapa Bay clone lead2 both averaged a 13-
fold increase in biomass after two seasons of growth.
The Willapa Bay clone that suffered 100% mortality in
the herbivory treatments did not grow less in the absence
of herbivory than other Willapa Bay clones (Tukey test
after ANOVA, P>0.56 for all comparisons). In fact,two
other Willapa Bay clones (diam10 and palix8) averaged
smaller increases in biomass when not exposed to herbi-
VOrTes.

Flanthopper choice experiments

Following the introduction of 7 planthoppers to each
plant in May, the planthoppers multiplied over the sum-
mer to densities exceeding 100 per plant by September
(Fig. 4). Planthoppers were observed 10 move freely and
frequent]y between leaves of Willapa Bay and San Fran-
cisco Bay plants. There were no significant differences
in number of planthoppers on San Francisco Bay versus
Willapa Bay plants during the first 66 days of the initial
experiment, however by days 95 and 108, the Willapa
Bay plants had atiracted significantly more planthoppers
than the San Francisco Bay plants (univariate F-tests,
P<0.05). On the final census (day 122). the Willapa Bay
plants continued to average more planthoppers than San
Francisco Bay plants, but this difference was not signifi-
cant at the P=0.05 level (F,=3.70. P=0.09). For the
plants exposed to planthoppers beginning in August,
there was a similar trend of initially similar numbers of
planthopper on both San Francisco Bay and Willapa Bay,
followed by higher average numbers of planthoppers on
Willapa Bay plants after 28 days (Table 3}, but these dif-
ferences were not statistically significant for any census
period (univarate £F-tests, P>0.26).

At day 95, the percentage of leaves with 50% or more
dead (brown) tissue on the Willapa Bay plants averaged
64% and was significantly greater than San Francisco
Bay plants, which only averaged 28% of leaves with
50% or more dead tissue (paired 1-test, 1=6.5, P<0.001).
The difference in the proportion of dead or dying leaves
was a record of Prokelisia damage up to around day 85,
since tissue does not completely brown unti] 7-10 days
after feeding (C. C. Daehler, unpublished work). The
greater damage to Willapa Bay plants was therefore ob-
served before differences in planthopper densities be-
tween San Francisco Bay and Willapa Bay plants had de-
veloped, suggesting the Willapa Bay plants are less toler-
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Mean number of planthoppers per plant (3 1 S.E.)
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Days on Plants

Fig. 4 Comparison of mean number of planthoppers on Willapa
Bay and San Francisco Bay plants over time, when inoculaied in
May. Arrows indicate significant differences between populations,
There were no significant differences between populations until
afier day 94 when Willapa Bay plants had significantly higher
planthopper loads than San Francisco Bay plants

Table 3 Planthopper counts on smooth cordgrass when planthop-
pers were given a choice between plants from San Francisco Bay
and Willapa Bay, beginning in August

Days of exposure Average number of planthoppers per plant

San Francisco Bay ~ Willapa Bay
) 38x15 37412
13 79£23 77£25
28 162240 213232
43 117224 143220

ant of planthopper herbivory, in addition to being pre-, «
ferred by the planthoppers over time.

Nitrogen analyses

Throughout the summer, the greenest leaves among the
Willapa Bay plants were a darker green than the greenest
leaves on San Francisco Bay plants, suggesting higher
leaf nitrogen content in Willapa Bay plants (Munsell
1977 color reference 7.5 GY 4/2 10 4/4 for Willapa Bay
versus 7.5 GY 4/6 to 5/6 for San Francisco Bay). The ni-
trogen analyses showed that planthopper herbivory did
not affect total green leaf nitrogen content, however total
Jeaf nitrogen content did differ significantly between the
San Francisco Bay and the Willapa Bay plants (Table 4).
The Willapa Bay clones averaged 70% more nitrogen in
their leaf tissues than San Francisco Bay clones. The
Maryland plants were similar to the San Francisco Bay
plants in nitrogen content, while the Willapa Bay foun-
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Table 4 Comparison of average percent nitrogen content in green
leaf tissue for smooth cordgrass plants from San Francisco Bay,
Willapa Bay and Maryland in herbivore-exposed and no-herbivory

105

treatments (1 SE). Values with different superscripts are signifi-
cantly different (Bonferroni-corrected linear contrasts, P<0.05)

Origin of plants

San Francisco Bay Willapa Bay founder Willapa Bay Maryland
Herbivory 0.884+0.0562 1.656x0.0920 1.437+0.015° 0.947£0.0274
No Herbivory 0.946+0.0483 1.432+0.056° 1.304=0.1600 0.993+0.0902

der clone was similar to other Willapa Bay clones in ni-
trogen content (Table 4). Although leaf nitrogen mea-
surements were made only in September, the consistent
color difference between the Willapa Bay and San Fran-
cisco Bay plants suggested that they differed in nitrogen
content throughout the summer. '

Discussion

"Herbivore resistance refers to any genetically controlled
quality that results in one population (or other unit of in-
terest) being less damaged by a particular herbivore than
another {Kennedy and Barbour 1992). Based on above-
ground biomass measurements from five clones, the Wil-
lapa Bay, Washington population was less resistant to
herbivory than the San Francisco Bay and Maryland pop-
ulations. Below-ground biomass measurements were not
made in this study because of difficulty separating roots
from vermiculite; however, in previous studies of herbi-
vory on smooth cordgrass, above-ground biomass was
strongly correlated with below-ground biemass (/=0.95,
Daehler and Strong 1993). In an earlier trial herbivory
experiment, shoot-root ratios for 4-month-old seedlings
averaged near 1 for both Willapa Bay and San Francisco
Bay plants (C. C. Daehler, unpublished work). General
observations of root and rhizome growth in the present
study gave no indication of a difference in shoot-root ra-
tios between the two populations (C. C. Daehler, person-
al observation). The higher sensitivity of the Willapa Bay
population to herbivory could be the result of a founder
effect, genetic drift, natural selection in Willapa Bay, or
any combination of these factors.

Evidence for a founder effect

The sensitivity of the putative Willapa Bay founder clone
to short-term herbivory suggested that the difference in
resistance between the Willapa Bay and San Francisco
Bay populations may in part be due to a founder effect.

. The difference in total leaf nitrogen between the Willapa

founder ¢lone and San Francisco and Maryland plants
also suggests a founder effect, since all other Willapa
Bay clones tested shared the higher leaf nitrogen content
of the founder clone. The Willapa Bay founder clone and
other Willapa Bay clones also differed from the San
Francisco Bay and Maryland plants in that they generally

produced smaller leaves, but more numerous shoots (C.
C. Daehler, unpublished work). Sayce (1988) reported
“dense-type” growth among seedlings and older smooth
cordgrass plants in the field in Willapa Bay. These
“dense-type” plants were similar in morphology to our
greenhouse-grown Willapa Bay plants, suggesting that
the growth characteristics observed in the greenhouse
may be commen in the field. Under common growing
conditions, clones of smooth cordgrass collected at vari-
ous sites atong the Atlantic coast of North America vary
greatly in growth characteristics like stem density and
size (Anonymous 1992), indicating that geographic dif-
ferences between the original source populations of
smooth cordgrass in Willapa Bay and San Francisco Bay
may be one cause of differences between these popula-
tions.

Evidence for further loss of resistance to herbivory
by drift or selection

High variation in resistance to herbivory among the Wil-
lapa Bay clones suggests that some plants in Willapa
Bay have lower resistance to planthopper herbivory than
others as a result of either drift or selection. In particular.
clone oyst10 suffered 100% mortality under planthopper
herbivory, indicating an extremely low herbivore resis-
tance relative to other clones tested and relative to the
Willapa Bay founder clone. This especially low resis?
tance to herbivory was not due to an intrinsically slower
growth rate relative to other Willapa Bay clones, nor
could the lower resistance be attributed to unusually high
leaf nitrogen content {oystl0 averaged 1.56% nitrogen,
compared to the overall average of 1.43% for all Willapa
Bay clones). The geographic location of the oystl0 ma-
ternal plant at Oysterville, relatively close to the site of
the founder clone (approximately 14 km across the bay)
compared to the other sites from which plants were test-
ed, does not provide evidénce for a cline of decreasing
resistance to herbivory with increasing distance from the
founder clone. Oyst10 would not be predicted to survive
in a habitat where P. marginata is present, and the find-
ing of a clone with such a low level of resistance in the
Willapa Bay population suggests that some plants in
Willapa Bay now have lower herbivore resistance than
the founder.
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Possible causes of differences in resistance

Many sap-feeding insects are known to transmit viral
diseases 1o their host plants (Raccah and Irwin 1988; Na-
ult and Ammar 1989), and one possibility is that the Wil-
lapa Bay plants were highly susceptible to an unknown
debilitating virus transmitted by Prokelisia, resulting in
apparently low resistance to herbivory among Willapa
Bay plants. We find this hypothesis unlikely since plant-
hoppers were occasionally found on the no-herbivory
plants and they would probably have inoculated the no-
herbivory Willapa Bay plants with the virus as well. The
herbivore-free Willapa Bay plants appeared healthy in all
respects,

Kennedy and Barbour (1992} list four plant strategies
for reducing damage by herbivores: (1) association with
other species; (2) escape in time or space; (3) tolerance;
or (4) physical or chemical defenses. including resistance
due to non-preference herbivores. In the case of smooth
cordgrass, which generally grows in monospecific
stands, the differential response to herbivory between the
two populations probably involves a combination of dif-
ferences in planthopper preference and differences in
plant tolerance to herbivory.

The Willapa Bay plants were preferred by the plant-
hoppers over San Francisco Bay plants after an initial
period of planthepper colanization. This delaved preéfer-
ence was probably not due (o seasonal changes in the
plams because when fresh plants were added to the ex-
periment in mid-summer, preference again required sev-
eral weeks to develop. The planthoppers may have been
attracted to the higher nitrogen content of Willapa Bay
plant leaves, and this high nitrogen content may have be-
come maore apparent to the planthoppers either following
a period of sampling different plants (Sogawa 1982} or
following some initial plant damage that increased free
amino acid concentrations in the leaf tissue (Bacheller
1990). In a New lersey saltmarsh, Denno et al. (1980)
found the highest densities of P. miarginara on leaves that
had the highest crude protein content. Crude protein is
correlated with (otal leaf nitrogen (Denno 1983), sug-
gesting that the planthoppers prefer Jeaf tissue with high
nitrogen, Prokelisia densities were also higher in those
smooth cordgrass stands having higher overall levels of
crude protein (Denno et al. 1980), and in experimentally
fernlized smooth cordgrass plots (Vince et al. 1981; Siil-
ing et al. 1991), suggesting that the planthoppers are at-
tracted 10 high-nitrogen stands. Other planthopper spe-
cies are similarly attracted to higher nitrogen plants in
the field (Kushwaha and Chand 1988). These observa-
tions suggest the Prokelisia planthoppers prefer leaf tis-
sue that is higher in nitrogen, and this is a likely reason
for the plamhopper preferencc for Willapa Bay plants
observed in this study.

Herbivore preference is probably not the sole cause of
differences in resistance between the populations be-
cause a higher proportion of dead or dying leaves were
observed on Willapa Bay plants even before differences
in the number of planthoppers between Willapa Bay and

San Francisco Bay plants had developed. The differences
in morphology between plants of the Willapa Bay and
San Francisco Bay populations may also have contribut-
ed to differences in planthopper tolerance. The shorter,
thinner stems and leaves, on average, of the Willapa Bay
plants probably allowed a relatively greater proportion of
the plant’s tissue to be physically accessible by the plant-
hoppers’ short feeding stylets.

Blossey and Notzéld (1995) hypothesized that if re-
sources are limited and resistance 10 herbivory is costly,
then introduced plant populations growing in the absence
of herbivory may evolve increased aliocation to biomass
at the expense of allocation to resistance to specialized
herbivores. In contrast, we found that plants with faster
growth rates had higher resistance to herbivory. Even
within populations, the correlation between plant resis-
tance and plant performance without planthoppers was
positive (r=0.65 and »=0.95 for the San Francisco and
Willapa Bay populations, respectively). In a comparison
of two populations of the grass Agropyron smithii differ-
ing in grazing history, plants from the historically defoli-
ated population grew faster and may have been better
able to capture resources and store them below-ground
{Polley and Detling 1988). Slower overall growth of the
herbivore-free Willapa Bay plunts compared to the herbi-
vore-free San Francisco Bay plants could have led 10 de-

"creased herbivore tolerance in the Willapa Bay plants.

since plants with more rapid growth may often be more
tolerant to herbivory (Rosenthal and Kotanen 1994),

The “trade-offs” approach to predicting the relation-
ship between resistance and growth rate (Blossey and
Notzold 1995) does not consider effects of inbreeding
{Charleswonh and Charlesworth 1987; Husband and
Schemske 1996), which could act 10 reduce the average
biomass of plants in introduced populations. especially if
populations are established from a single introduction of
a few founders. Inbreeding depression is likely to be an
important factor affecting plant growth rates in intro-
duced populations of smooth cordgrass since inbred (sel-
fed) progeny have 30-90% slower growth rates than out-
bred progeny (Daehler 1996). Extreme inbreeding in the
Willapa Bay population would have been unavoidable

given that the population was founded from a single .

clone, and the slower growth of Willapa Bay plants in
the absence of herbivory could be due to greater effects
of inbreeding in that population, relative to the more re-
cemly introduced San Francisco Bay plants. Inbred indi-
viduals of Iimpatiens palida had slower growth rates than
outcrossed individuals and also suffered greater mortali-
ty under herbivory (McCall et al. 1994). If inbreeding
depression is responsible for slower growth in the Wil-
lapa Bay plants, then the founder (presumably out-
crossed) should be more vigorous than the average in-
bred progeny now established in Willapa Bay. Unfortu-
nately this test has very low power using the data from
this experiment, and a larger experiment would be need-
ed to provide conclusive evidence of more rapid growth
in the Willapa Bay founder. An alternative explanation
for the observed population growth rate differences
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could be that the Willapa Bay plants were less well
adapted than San Francisco Bay plants to our greenhouse
growing conditions, despite our maintenance of green-
house temperatures within the normal range experienced
by the plants in southern Washington.

Implications for biocontrol

Current efforts to control established smooth cordgrass
in Willapa Bay involve herbicides or cutting, and the ef-
fectiveness of these expensive methods over large areas
is questionable (Aberle 1993). Previous field studies of
the effects of £ marginaia herbivory on smooth cord-
grass in San Francisco Bay indicated that the planthop-
per would be unlikely to limit the spread of smooth cord-
grass there due to its minor impact on the planis (Da-
ehler'and Strong 1995). However, the low resistance of
the Willapa Bay population to herbivory by P. margina-
ta, as observed in this greenhouse study, suggests bio-

.comtrol of smooth cordgrass in Willapa Bay may be an

option worth exploring in Washington State.
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STATUS, PREDICTION AND PREVENTION OF
INTRODUCED CORDGRASS Spartina spp.
INVASIONS IN PACIFIC ESTUARIES, USA
Curtis C. Daehler & Donald R. Strong
Center for Populution Bivlogy, Universiry of California, Davis, CA 93616, USA

Abstract the Americas where they can form vast monospecific
Along the Pacific coast of North America, four intro- stands. On the Pacific coast of North America, how-
duced cordgrass species (Spartina alterniflora, 8. anglica, ever. Spartina spp. are usually conspicuously absent
S. patens and S. densiflora) fuave thus far invaded five from estuaries, leaving the mid- and lower-intertidal of
isolated estuaries. Dense growth of introduced Spartina most mudflats devoid of vegetation. Only Spartina
spp. reduces open mud feeding habitats of shorebirds, Jfoliosa is native to the Pacific coast of North America,
while in the upper intertidal, introduced Spartina spp. and the growth range of this species is restricted to the
compele with native salt marsh vegeration. Prediction of upper intertidal fringes of California’s estuaries.
Spartina invasions is facilitated by the remarkable Several species of Spartina not native to the Pacific
restriction of these species to distinct estuarine habitats coast of North America are known to be highly inva-
which generally lack interspecific competitors and herbi- sive as demonstrated by their successful introductions
vores. We wsed physical characteristics to identify 31 around the world (e.g. Ranwell, 1967). In this paper,
specific sites along the US Pacific coast that are vulner- we summarize the status and distribution of introduced
able to future Spartina invasions and then used species Sparting spp. in Pacific estuaries and describe some
characteristics, like native latitudinal range and past effects of these invasions. We then illustrate how vul-
invasion success, to predice which Spartina species will be nerable invasion sites and the extent of spatial spread
fikely to invade these sites in the future. All 31 sites were within sites may be predictable for Spartina spp. The
predicted to be vulnerable to 8. alterniflora, while the remarkable restriction of Spartina spp. to distinctive
other invasive Spartina spp. may be restricted to a subset habitats, the variability among Sparting spp. in envi-
of the vulnerable sites. At a finer scale, within a vulner- ronmental tolerances, and the lack of established plant
able site, the mean tidal range can be used to predict the communities at most invasion sites greatly facilitate
extent of spatial spread of a Spartina sp. after coloniza- prediction. Finally, we suggest how the predictability of
tion. These prediction techniques might be used to Sparting spp. invasions might be effectively used as a
identify and pripritize sites for protection against future management tool.

invasions. We suggest that a cost-effective way to prevent

the rransformation of unigue North American Pacific .
transformation of uniq i Amend i THE GENUS Spartina — ORIGIN AND
mudflar  and saltmarsh  commumities  inte introduced

. . : CHARACTERISTICS
Spartina-donmiinated marshes is to survey the vulnerable
sites freguently and eliminate introduced Spartina spp. Biogeographic patterns suggest that the genus Spartina
propagules before they spread. Copyright © 1996 Pub- originated on the Atlantic and Gulf Coasts of North
lished by Efsevier Science Limited America (Chapman, 19%77). Mobberley (1956) recog-
nized 14 species of Sparting, of these 13 are native to
Kevwords. Sparting, cordgrass, invasion, Pacific, prediction. the Americas, while S. maritima is thought to be native

to Europe. All species of Spartina are perennial and
salt-tolerant; most grow in coastal arcas or along

INTRODUCTION stream banks, although one species, S. spartinge, can
Cordgrasses Spartinad spp. often dominate intertidal be found on terrestrial high ground (Table 1) (Mobber-
mudfiats of estuaries on the Atlantic and Gulf coasts of ley, 1956). Spartina townsendii and S. anglica, differing

in ploidy level, both originated within the last 150 years

Correspondence to: C. C. Daehler, UC Bodega Marine Labo- through hybridization between S. maritima and intro-

ratory, Box 247, Bodega Bay, CA 94923, USA. e-mail: duced 8. alrerniflora in Britain (Raybould et al., 1991).
cedaehler@ucdavis.edu The high chromosome numbers in all species of
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Table 1. Some characteristics of the genus Spartina. Summarized from Mobberley (1956) unless noted

Species Chromosome Known Habitat Native to
number to be invasive
8 alrerniflora 62" + Intertidal North America
Atlantic/Gulf
S. maritima 60 + Intertidal Europe
S. townsendii 62 + Intertidal Britian
S. anglica 120, 122, 124° + Intertidal Britian
S. parens 28, 35, 42 + Upper NorthAmerica
intertidal Atlantic/Gulf
S. densiffora 60° o+ Upper South America
intertidal Southern
S. foliosa 607 Intertidal North America
Pacific
§. pectinata 42,70, 84 +/- Brackish, North America
terrestrial Central Interior,
Atlantic
5. cynosuroides 28,42 Brackish North America
Atlantic/Gulf
§. bhakeri 42 Brackish and North America
FW lakes Florida/Georgia
S. gracilis 42 Alkaline lakes North America
stream banks Central Interior
S. spartinae 28 Beach. terrestrial North America

Gulf/Central America

“ Marchant (1970).

b Marchant (1968).

¢ Spicher & Josselyn (1985).
4 Parnell (1977).

Spartina suggest polyploid origin of the extant species.
Several species may vary intraspecifically in ploidy level
(Table 1). Seven of 14 species recognized by Mobberley
(1956) are known to be invasive as defined by success-
ful spread following introduction to a new continent
(Table 1).

PHYSICAL EFFECTS ON ESTUARIES

Spartina spp. can accrete and hold sediment in inter-
tidal areas that they invade. The rigid, densely packed
stems decrease the rate of tidal! flow, causing suspended
sediment to precipitate, while dense root mats trap sed-
iment. Randerson (1979) has suggested that the root
mat is the primary cause of sediment accumulation. In
New Zealand, rates of sediment accumulation in both
S. afternifiora and S. rownsendii have been reported at
around 4 cm/year, while adjacent open mud showed no
change (Bascand, 1970). Similar rates of sediment accu-
mulation have been reported for S. angfica in England
(Ranwell, 1964, 1967). In the Netherlands, a sediment

accumulation of 1.8 m over 22 years has been
attributed to colonization of mudfiats by S anglica
(Ranwell, 1967). Growth of Spartina spp. along river
banks and tidal channels can restrict water flow and
cause widening of the floodplain (Asher, 1991). Intro-
duced plants that modify their physical environment in
distinct ways, like through altering substrate character-
istics, often have great ecological effects on native
communities (Daehler & Strong, 1994).

IMPACT OF INTRODUCED Spartina ON NATIVE
COMMUNITIES

The ecological impacts of Spartina invasions have been
documented primarily through observational studies.
Introduced Sparting spp. are often inferred to outcom-
pete native salt marsh plants in the intertidal zone
{Scholten & Rozema, 1990; Frenkel, 199]; Callaway &
Josselyn, 1992). In Britain’s lower intertidal, §. anglica
has invaded the eel grass Zostera zone (Corkhill, 1984),
reducing food available to certain herbivorous wildfowl
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(Way, 1991). In the clayey upper intertidal in Britain
and the Netherlands, S. anglica outcompetes native
Puccinellia, confining the native to a narrow intertidal
zone of only a few decimeters (Scholten & Rozema,
1990). 8. patens introduced to Qregon invades the native
Deschampsia caespitosa—-Scirpus maritimus community,
forming monospecific stands (Frenkel & Boss, 1988;
Frenkel, 1991). In San Francisco Bay. S. alterniflora
grows both higher and lower in the intertidal than
§. foliosa and invades established stands of this native
(Callaway & Josselyn, 1992). In Humboldt Bay, CA,
introduced S. densiflora produces large quantities of
wrack that can smother native Sulicornia and Distichylis.
The resulting bare areas may then be colonized by
monospecific stands of 8. densi-flora (P. Kittelson, pers,
comm.).

Introduced Spartina spp. have clear negative effects
on some native plant species, but an associated nega-
tive effect on invertebrale communities is less obvious
and little studied. While there are some indications
that Dungeness crab Cancer magister populations may
be negatively affected by 5. alterniflora’s invasion of
Willapa Bay, WA (Sayce, 1991), densities of benthic
invertebrates may be greater beneath introduced Sparting
spp. than in adjacent open mud (Way, 1991; Josselyn er
al., 1993; P. Kittelson, pers. comm.). Dumbauld e a/.
(1994) found hardshell clams Tapes phillipinarum 10 be
more abundant inside the perimeter of S, alternifiora
clones invading Willapa Bay, WA, compared to adjacent
open mud, although towards the centers of clones,

hardshell clams were less abundant. Softshell clam Mya

arenariu abundance was not affected by S. afterniflora
(Dumbauld er a/., 1994). In perhaps the most detailed
study to date, mud beneath §. alfrerniflora plants in
Brazil was found to contain more species and higher
densities of invertebrates than adjacent open mud;
however. overall species abundances were less even
beneath S. alterniflora and the abundance of suspen-
sion feeders was negatively correlated with the presence
of Spartina (Lana & Guiss, 1991}, Spartine spp. may
increase the number and diversity of invertebrates by
increasing the habitat’s structural complexity. At the
same time, invertebrates beneath Sparting spp. may be
less vulnerable to predation by shorebirds. In California,
no consistent differences were found in the inveriebrate
communities beneath intreduced S. alterniflora and
native S. foliosa (Josselyn et al, 1993), suggesting that
the introduced species will not greatly alter the inverte-
brate community structure as native stands of 5. folivsa
become.invaded by S. alterniflora.

A major ecological concern associated with the
worldwide invasion of intertidal open mud by intro-
duced Sparting spp. has been that shorebird popula-
tions will be negatively affected through a loss of
feeding grounds (Hubbard & Partridge, 1981; Way,
1991; Callaway & Josselyn, 1992). While S. alterni-
fora’s invasion of established 5 foliosa stands in
San Francisco Bay will be unlikely to affect shorebird

feeding, its invasion of open mud in the mid-intertidal
will affect the availability of open-mud shorebird feed-
ing areas there. Goss-Custard and Moser (1988) found
that the spread of 5. anglica was related to decreases in
populations of dunlin Calidris alpina in certain estuar-
ies in Britain. Shorebirds generally do not forage in
Sparting stands {Lee & Partridge, 1983; Millard &
Evans, 1984; Davis & Moss, 1984; Josselyn er al., 1993)
so areas invaded by introduced Spariina spp. are effec-
tively lost feeding grounds to shorebirds.

VULNERABILITY OF PACIFIC ESTUARIES TO
INVASION

Pacific estuaries are geologically very young. The major
Pacific estuaries are ‘drowned’ river valleys that formed
with the global sea level rise at the end of the last ice
age, less than 10,000 years ago (Atwater er al., 1979).
Several Pacific marshes are only a few hundred years
old (Macdonald & Barbour, 1974). Spartina foliosa is
the only species of Spartina native to the Pacific coast
with a range extending only from Baja California north
to Bodega Bay, Californiz (Mobberley, 1956; Spicher &
Josselyn, 1985). The specics is morphologically and
cytologically very similar to S. afterniffora native to the
Atlantic and Gulf coasts of North America (Table 1)
but its tolerance of tidal submersion is much less than
its Atlantic relative (Callaway & Josselyn, 1992). S.
Sfoliosa may be a sister species to S. alterniffora that
evolved following the formation of the land bridge
between North and South America some six million
years ago.

The estuaries along the Pacific coast are essentially
islands. Most are separated by hundreds of km of high-
cnergy wave-swept coast. These ‘island’ communities
may be species-poor owing to their recent creation. The
absence of 5. folivsa from a few estuarine habitats in
California that have been created in the last 100 years
may be due to poor long-distance dispersal. Geo-
graphic isolation may also have been the major factor
that kept Pacific estuaries free of other Spartina species
until the last 150 years of human-facilitated dispersal.

STATUS OF Spartina INVASIONS IN PACIFIC
ESTUARIES

Four species of introduced Spartina are currently
invading Pacific estuaries. The sites of invasion range
from San Francisco Bay north to British Columbia.
Spartina alterniffora is invading San Francisco Bay,
CA, Suislaw Estuary, OR, Willapa Bay, WA, and Puget
Sound, WA. The invasion is proceeding most rapidly in
Willapa and San Francisco Bays. During the 4-year
period from 1988 to 1992, S, afterniflara in Willapa Bay
invaded 800 ha of open mud to cover a total of 1000
ha. In San Francisco Bay, S. alternifiora spread from
about 650 circular patches in 1990 (Callaway & Josse-
lyn, 1992) to more than 1000 circular patches in 1993,
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Fig. 1. Sites along the Pacific coast of the United States that
are vulnerable to invasion by introduced Sparting species and
the predicted range of invasion for different Spartina species.
A. S alterniflora; B, S. anglica; C, S. densiflora; D, S. patens.
Sites in bold italic print have already been invaded by one or
more introduced Sperring spp. *I, Tijuana River Estuary,
CA: *2, San Diego Bay. CA; *3, Mission Bay, CA; 4. Santa
Margarita River, CA; *5, Anaheim Bay / Newport Bay. CA:
*6, Mugu Lagoon, CA: 7, Cuarpinteria Marsh, CA: 8, Morro
Bay, CA; *9, Elkhorn Slough, CA; *I0, San Francisco Bay,
CA; *11, Drake’s Estere, CA; *12, Tomales Bay., CA;
*13. Bodega Harbor, CA: I4, Humboldt Bay, CA4; 15,
Coquille Bay, OR: 16, Coos Bay, OR; {7, Umpqua Bay, OR;
18, Suislaw Estuary, OR. 19, Alcea Eswuary, OR; 20, Yaquina
Bay. OR; 21. Siletz Bay, OR; 22, Nestucca Bay, OR; 22
Sand Lake, OR; 24, Netarts Bay. OR; 25, Tillamook Bay,
OR: 26, Nehalem Bay, OR; 27, Columbia River, OR/WA. 28,
Wiltapa Bay, WA: 29, Gray's Harbor, WA; 30, Hoh River
Estuary, WA; 31, Puget Sound, WA.
*. Mative S, fofiosa is present.

plus several areas of continuous menoculture (C.C.D.,
pers. obs.). S, afrernifiora also began to invade Humbolt
Bay, CA. A small paich was discovered in the early
1980s which spread to occupy approximately 1000 m®
by 1989. At that time, a control program was initiated
and the patch was eradicated over a 3-year period by
smothering with a plastic sheet and sand bags (K,
Kovacs, pers. comm.).

Spartina anglica is invading Puget Sound, WA, In
1977 transplants were brought from Puget Sound to
San Francisco Bay (likely, as part of a saltmarsh

restoration project} where they now occupy less than |
ha (Spicher & Josselyn. 1985). Spartina patens is invad-
ing Cox Island and Suislaw Estuary, OR and Puget
Sound, WA. The Oregon population is spreading
rapidly (Frenkel, 1991}; however, the Puget Sound pop-
ulation has been the focus of an intensive eradication
effort and all known plants are currently covered with
sheets of black plastic (J. Civille, pers. comm.). San
Franicisco Bay has some 5. patens at one site in the
north bay, but it doesn’t appear to be spreading
(Spicher & Josselyn, 1985). Spartina densiflora has
invaded Humbolt Bay, CA and was transplanted to
San Francisco Bay where it is now spreading (Spicher.
1984).

PREDICTING FUTURE INYASION SITES

The Pacific coast of North America is depauperate of
estuaries compared to the Atlantic and Gulf Coasts
{Schubel & Hirschberg, 1978). Furthermore, not all
estuaries and lagoons on the Pacific coast are likely to
be invaded by Sparting spp. To identify potential sites
of Spartina spp. invasion we employed two critena.
First, the presence of the native S, fofiosa was used as
an indicator of areas susceptible to invasion by other
Spartina spp. (e.g. Daehler & Strong, 1993). Second. we
considered arcas to be susceptible to Spartina spp.
invasion if they were protected from wave action but
exposed to tidal action year round. No Spartina sp.
has been found to persist in areas subject to consistent
wave action (Mobberley, 1956) and wave energy has
been negartively correlated with survival i both S.
alterniflora and S. anglica {(Hardaway et al, 1984
Gray. [992). Continuous tidat action, on the other hand.
is certainly not a prerequisite for growth, as evidenced
by vigorous growth in greenhouses. However, in sur-
veys for Spartina spp., the invasive species of the genus
are conspicuously absent, even within their native
ranges, from all sites that are seasonally closed to tidal
action or with very little tidal activity (e.g. Christiansen
& Moller, 1983; Onuf, 1987). Absence of tidal action
can result in anoxic waters, increased salinity, and a
buildup of suilfides in the substrate that can Kkill
Spartina spp., perhaps by preventing nitrogen uptake
(Morris, 1980; Bradley & Dunn, 1989). Tidal action
may also be necessary to wash away senescent leaves
and stems that otherwise can inhibit spring growth
{(C.C.D., pers. obs.), Using these criteria, we identified
sites along the Pacific coast that are predicted to be
vulnerable to Spartina invasion (Fig. 1). A total of 31
sites were identified along the Pacific coast of the
United States. At most of these sites no Spartina sp. is
yet present.

WHICH SPECIES WILL INVADE?

Having identified sites vulnerable to invasion by
Spartina spp.. we used the native climatic and latitudi-
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nal ranges of these species to predict which Spartina
spp. would be most likely to invade the identified sites
along the Pacific coast (Fig. 1). Information collected
on successful and failed invasions of Spartina spp.
around the world {e.g. Ranwell, 1967; Aberle, 1990)
suggested that the latitude and climate of the site where a
Spartina sp. is introduced can serve as a good predictor
of invasion success.

Comparing previous invasions of S. alterniflora and
S. anglica following introductions around the world
reveal differing successes of the two species in relation
to latitude of the introduction site. S. anglica has done
better than S alrerniffora at higher latitudes, rapidly
spreading and outcompeting S. alternifiora when pre-
sent in Britain, France, Netherlands, and Northern
China (Ranwell, 1967), while §. anglica invasions often
fail at lower latitudes like Brazil, South Africa,
the North Island of New Zealand and Lousiana,
USA (Ranwell, 1967; Bascand, 1970; Aberle, 1990;
M. Rejmanek, pers. comm.). The fact that S. anglica
did successfully invade parts of the South Island of

New Zealand, where the climate is notably cooler than

the North Island (Lee & Partridge, 1983; Aberle, 1990},
suggests that S. anglica requires a cool-temperate
climate for successful spread, rather than strictly a high
latitude.

Recognizing the slow spread of S8 anglica in San
Francisco Bay, we defined this area as the likely southern
limit of invasion by S. anglica. S. townsendii is very
similar to S anglica in ecological tolerance but, due to
the sterility imposed by its hybrid origin, it spreads
only by rhizomes. S. alterniflora ranges natively on the
Atlantic coast from Florida to Canada, so all estuaries
susceptible to Sparting invasion on the Pacific coast
were expected to be vulnerable to invasion by
S alterniflora. The native range of S. patens on the
Atlantic coast also extends from Canada to Florida;
however, this species is far more abundant north of
Maryland where it can be found in vast monocultures
above the S. alterniffora intertidal zone (Merritl, 19)2;

y=0660x + 0.224

r1= 082

Growth Range {m)

0 | 2 3
Mean Tidal Range (m)

Fig. 2. The relationship between mean tidal range (vertical m)

and growth range of Spartina alterniflora (vertical m) along

the Atlantic coast of North America (redrawn with permis-

sion from McKee & Patrick, 1988). The diamond indicates the

mean tidal range and actual growth range of introduced S.
alterniflora in San Francisco Bay (San Bruno invasion site).

Adam, 1990). Large monocultures of S. patens also
naturally occur within the Mississippt delta of
Louisianna at latitudes comparable to Southern Cali-
fornia; however, these §. patens stands are limited to
brackish waters, generally with a salinity no greater
than 15%% (J. B. Grace, pers. comm.). In southern
California, such brackish water habitats are very rare
due to arid summers with virtually no precipitation.
The unsuccessful spread of S. patens introduced to
San Francisco Bay (Spicher & Josselyn, 1985; D.R.S.,
pers. obs.) but the rapid spread of S. patens northward
in Oregon (Frenkel, 1991) suggests that San Francisco
Bay is near the southern limit of vigorous S. parens
spread, although this is tentative and limited coloniza-
tions might occur further south,

S. densiflora is native to southern South America
(Mobberley, 1956). The conspicuous absence of S, den-
siffora in central and northern Brazil suggests that it
does poorly in warmer latitudes, while its absence from
the southernmost points of South America suggests
that it requires a cool-moderate climate for growth, S
densiflora is presently successfully spreading in San
Francisco and Humboldt Bays (Spicher & Josselyn,
1985), suggesting that it may be capable of invading
estuarics further south. These differential climatic and
latitudinal tolerances were used to make predictions
about which species of Spartina would be likely to
invade different sites along the Pacific coast of the
United States (Fig. 1).

PREDICTION AT A FINER SPATIAL SCALE:
HOW MUCH AREA WILL BE INVADED?

Once 2 species has begun invading an area we can ask
how spatially extensive the invasion will eventually
become. This can be predicted for several invasive
species of Spartina using known intertidal growth
ranges. For example, the growth range (in vertical
meters) of 8 afrerniflora at sites ranging from Florida
to Massachusetts is positively correlated with mean
tidal range (in vertical meters) (Fig. 2, r = 0-91,
p < 01} (McKee & Patrick, 1988, see also Hardaway er
al, 1984). A similar correlation has been determined
for 8. anglica (Gray, 1992). Knowing the mean tidal
range at an invasion site and taking advantage of these
linear correlations, it is a simple matter to estimate the
growth range of a specified Spartina sp. in the intertidal
(Fig. 3). To check the validity of the correlation for
Pacific estuaries, we calculated the mean tidal range in
San Francisco Bay and then evaluated the vertical growth
range of S alterniffora at the San Bruno invasion site
in San Francisco Bay. The mean tidal range was calcu-
lated from 1994 tide tables to be 1-26 m. Using the
regression from McKee & Patrick (1988), the predicted
growth range of S. alterniflora was 1-1 vertical meters
within the intertidal. The established S. alterniflora at
San Bruno had a growth range of only 0-82 vertical
meters in 1990 (Callaway & Josselyn, 1992); however,
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Pacific Ocean

1.6 kilometers

Fig. 3. Predicted spatial distribution of S. alterniffora in

Bodega Harbor should the species be introduced therc.

Extent of spatial spread was predicted using the correlation
between growth range and mean tidal range {sec text).

the invasion is in its early stages and experimental
transplants along a tidal gradient there indicate that S.
alterniflora will eventually have a growth range between
1-1 and {-2 vertical meters (Daehler & Strong, unpubl.
data). This data point sits close to the regression (Fig.
2), suggesting that predictions of the spatial extent of
invasion on the Pacific coast can indeed be made based
on the correlation with mean tidal range. Furthermore,
the upper limit of §. alternifiora in the intertidal can
also be predicted from mean tidal range (McKee &
Patrick, 1988). With the ability to predict the upper
growth Jimil and the growth range in vertical meters, it
then becomes possible to predict the specific areas
within a site that are likely to be invaded,

As an example. we have calculated the area of
Bodega Harbor predicted to be invaded by S. affer-
niflora if the species were introduced there (Fig. 3). The
mean tidal range at Bodega Harbor is about 1.22 m
(calculated from tide charts) so the predicted mean
growth range is about I m (McKee & Patrick, 1988)
while the upper growth range of S alterniffora is pre-
dicted to be about 3-6 m above the midpoint between
mean high and mean low water (McKee & Patnick,
1988). Using a US Geological Survey (USGS) topo-
graphic map, we predicted that about 175 ha {about
65% of the harbor} wouid be invaded by S. afternifiora
if the species were introduced there. A similar predic-
tion of the area that would be invaded by S. anglica
could be made from the predictive relationship given
by Gray (1992). Spartina patens also occurs over pre-
dictable tidal ranges within its native (e.g. Bertness &

Eliison, 1987, Adam, {990) and non-native (Frenkel &
Boss, 1988) habitat range, and transplant studies have
measured its environmental range in the absence of
competition (Bertness, 1991). 5. densiffora has been less
studied; however, its maximal tidal growth range has
been experimentally measured in San Francisco Bay
{Spicher, 1984) and these data could be used to predict
the maximum area potentially invadable by §. den-
siflora. These predictions can be used to give an indica-
tion of the physical and ecological modification that
could take place at specific sites should a specific
Spartina sp. be introduced, making 1t possible to pri-
oritize areas Lo be protected against Spartina invasion.
This simple method of prediction does not take into
account changes in hydrology that may take place in
an area as the Spurting Invasion progresses and sedi-
ments accumulate, so this method may underestimate
the eventnal spatial extent of spread. On the other-
hand, within the growing Sparrina marsh, deeply
dissected trdal channels that lack Sporting are also
likely to form, decreasing to some extent the total area
of Spartina coverage.

MANAGEMENT OF PACIFIC ESTUARIES
VULNERABLE TO Spartina INVASION

We know that many Pacific estuaries are vulnerable to
Spartina spp. mvasions and we can make predictions
about which species will invade and where. A major
issue is how much human resources should be
expended in an effort to eliminate present invasions
and prevent future invasion, The possibility of biological
control is interesting, but would require an expensive
long-term commitment that, to date, has not been
given serious considerations by agencies that would
have to foot the bill. Cordgrasses have many species of
insect and nematode herbivores (Strong et al., 1984). If
mntroduced without their natural enemies, these herbi-
vores might control introduced Spartina spp. An alter-
native method of control currently being explored in
Willapa and San Francisco Bays is the voluminous
application of herbicides to reduce S. alternifiora cover-
age (Aberle, 1990; K. Sayce, pers. comm.; S. Jones,
pers. comm.). This method ol control is also uncertain
and requires long-term planning and financing.

The costs of allowing Sparting invasions to procced
are even more uncertain and difficult to evaluate. Intro-
duced Spartina spp. can rapidly alter the character of
Pacific estuaries, transforming expanses of open inter-
tidal mud into vast monocultures of dense grass. The
major threat to conservation seems to he in the reduc-
tion of open-mud feeding areas for wading and shore-
birds. Along the Pacific flyway, estuaries are few and
far between, and starvation due to reduced shorebird
feeding arcas might lead to a decline in populations of
many migratory birds. At Bodega Harbor, 77 bird
species seasonally forage in intertidal and subtidal
areas (Standing ef al., 1975). As predicted in Fig. 3,
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invasion of Bodega Harbor by S. alterniffora would
result in the loss of most of these foraging areas.

Spartina invasions also have negative effects on tradi-
tional human uses of Pacific estuaries. Areas suitable
for oyster culture at Willapa Bay have been reduced by
S. alrerniflora’s spread there (Sayce, 1988). Spartina’s
rapid accretion of sediment can clog navigation and
flood control channels which can be expensive to
dredge. But there may be some valuable aspects of
introduced Spartina spp. in Pacific estuaries.

At least one bird species may benefit from Sparting
spp. tnvasions i Pacific estuanies. Endangered California
clapper rails Rallus longirostris build their nests in 8.
alterniflora (E. Harding-Smith. pers. comm.) and the
presence of nesting clapper rails has been corrglated
with vigorous Sparting growth (Foin & Brenchiey-
Jackson, 1991). Gun clubs, which have been a source
of intentional Sparting spp. introductions, have long
known that Spartina stands can attract certain duck
species. Spartina spp. can also increase estuarine net
primary productivity, as Sparting marsh communitics
have amongst the highest levels of net primary produc-
tivity known (Lieth & Whittaker, 1975; Gallagher et al..
1980). Some of this productivity is exported through
tidal flow as senescent leaves are washed away, while in
situ decomposing rack generated from senescent culms
can support a large and diverse community of nema-
todes (Alkemade et al, 1993) and larval invertebrates
(C.C.D., pers. obs.). Some benthic invertebrate species
thrive beneath stands of Spartina spp., in comparison
with open mud (Lana & Guiss, 199]),

Despite these possible positive aspects of Spartina
invasions, a major reason to restrict introduced
Spartirg spp. from Pacific estuaries is a growing real-
ization of the ecological uniqueness of native Pacific
estuarine communities. Plant communities in Pacific
salt marshes are known to differ greatly with latitude
(Macdonald, 1977), but ecological relationships between
Pacific salt-marsh species have rarely been studied as
they have on the Atlantic coast. The importance and
value of unique communities has been widely discussed
{Wilson, 1988). The expense of maintaining native
communities free of dominating exotic species will
surely increase in the future. With Sparting spp. inva-
sions, a simple but very effective strategy is to identify
introduced propagules early through surveying (by air
or by shore) the vulnerable sites. Identified propagules
can then be eliminated prior to spread at minimal cost.
This strategy was successful in eliminating §. alter-
niflora from Humbolt Bay, CA (K. Kovacs, pers.
comm.) and will probably succeed with S parens in
Puget Sound (J. Civille, pers. comm.). Whether inva-
sions that have significantly progressed, like those of
S. alterniflora in Willapa and San Francisco Bays, can
be eradicated is still unknown, but given past expert-
ence (Aberle, 1990), the answer may be no. Although
prospects for eradicating all introduced Spartina spp.
from the Pacific coast are nol encouraging, at least

there remain some 25 Pacific estuaries in the United
States that are free of introduced Spartina. With appro-
priate precautions and minimal expense we have a
good chance of protecting them from future invasion.
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Impact of High Herbivore Densities on

Introduced Smooth Cordgrass,
Spartina alterniflora, Invading
San Francisco Bay, California
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ABSTRACT: Spartina alterniflara, smooth cordgrass, invading San Francisco Bay, California (USA), is attacked by high
densities of a plant hopper, Prokelisia merginata, and a mirid bug, Trigonotyius uhleri. Both herbivores are sap-feeders.
We investigaled the impact of these herbivores on 5. alterniflora’s growth rale, vegetative spread, and seed production
by manipulating herbivore densities in the ficld and in a greenhouse. Herbivore densities in the ficld peaked in early
fall, with £ merginata averaging mare than 300 individuals per maturc colm of 5. allerniflore (about 100,000 per m*} and
T. uhlert densities exceeding 10 per culm {about 3,000 per m®). Ficld reductions of herbivore densities by approximately
70% with insecticidal soap did not result in greater vegetative growth rales or lateral spread of planis; plants grew
vigorously with the highest densities of insects. In the greenhause study, conducted with seedlings, herbivory significantly
reduced plant mass and tiller number in some but not all replicate herbivory treatments, In both field and greenhouse,
there were significant differences betwecn some clones’ growth rates independent of herbivory, Inflorescence production
in the field was not affected by reduced-herbivery treatments, Seed sel was low under conditions of both natural and
reduced herbivory, averaging 0.4%. Despile densities of £ marginata and 7. uhlerd that are much higher than npically
observed in areas where S. alterniflora is native, herbivory by these particular insects appears 10 have little impact and

in unlikely to limit 5. alternifiore’s spread through San Francisco Bay.

Introduction warkl by mechanical disrupiion, shading, and her-
Sparting altrrniflva 1.0ise), a perennial salt marsh bicides have heen costly and usually unsuccessful
(Aberle 1990; Mumford ct al. 1990). Very linle is

grass native to the Atlantic Coast of North Amcrica,
has been introduced 1o cstnaries around 1the world
{Ranwell 1967; Aberle 1990; Mumford e1 al. 1990).
Some introductions have been intentional (10 sia-
bilize shoreline erosion), while others have been
accidenta) such as through the unloading of ship's
ballast (Aberle 1990). Spariina alterniflora was intro-
duced o San Francisco Bay, California in the mid-
1970s during a marsh restoration project (Spicher
and Josselyn 1985; Daehler and Strong 1994), but
the plant is now widely recognized as an imposing
invader. Spartina alterniflora threatens 10 wransform
the bay's open mud flats into vast monoculiures of
dense, 2 m-tall grass, modifying invertebrate com-
munities and resulting in great loss of shorebird
feeding areas (Callaway and Josselyn 1992). A
tempts to control Spartina invasions around the

! Corresponding amhor,
? Present address: Bodega Marine Laboratory, O. Box 247,

Bodega Bay, California 94923,

m 1985 Estvarine Research Federation

408

known abont the impact of insect herbivores on
cordgrass marshes (Adam 1920). The work of Bert-
ness ot al. (1987) and Bertness and. Shumway
(1992) suggests that insect herbivores may have
great impacton 8. alterniflora’s sexual reproduction
in its native Rhode Island habitat; however, the po-
tential for biological control of introduced S. alter-
niflora by insect herbivores has vet 10 be explored.
Biological conurol may have advantages over tra-
ditional contrel methods for S. alterniflora in terms
of labor, monetary cost, and human health hazards
(DeBach and Rosen 1991).

In San Francisco Bay, §. alterniffora is attacked by
high densities of two sap-fecding insect herbivores.
In this study we use field manipulations and green-
house experiments to assess the impact of herbiv-
ory on the vegetative growth and secd production
of introduced S. allerniflora in San Francisco Bay.
The results are used 1o evaluate the potential for

these herbivores 1o control S, altrrniflora’s invasion |

of San Francisco Bay.
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Materials and Methods
STUDY ORGANISMS

Sparting alterniflora, smooth cordgrass, wpically
grows in exiensive monocultures in its native hab-
itat, the intertidal mud flais of the Aulantic and
Gulf coasts of North America (Adam 1990}, The
plant can spread by both seed and vegetative frag-
ments and is presently abundant at several sites in
south San Francisco Bay. In recenty colonized ar-
eas, S. alterniflora grows in circular patches sepa-
rated by open mud. These circular patches consist
of individual genetic clones {Daehler and Surong
1994). The two insect herbivores atiacking §. alter-
niflora in San Francisco Bay are Prokelisia maiginala
Van Duzee (Homoptera), a plant hopper, and 7ri-
gonotylus uhleri Reuter (Miridae), a mirid bug. Doth
insects are Spartina specialists and are common
herbivores of 8. alterniflura on the Adantic Coast of
North America (Denno 1977; Suvong and Siling
1983; Denno 1985). In Sun Francisco Bay, ihese
herbivores also feed on the native Spartina folivsa.
P. marginata appears 10 be a native herbivare of S.
Soliosa on the Pacific Coast of North America (Wil
son 1982). During three summers of censusing
(1991-1993), Prokelisia marginata reached peak
densiues approaching 1,000 individuals per culm
of 8, elterniflora and consistendy reached densities
of 300 per culm by early fall (Dachler unpublished
data). These densities are far higher than densities
typically reported from S. alterniflora’s native habi-
tat {e.g., Denno et al. 1980; Suong and Siiling
1983). Prokelisia marginata completes three to four
fairly discrete generations per season in San Fran-
cisco Bay, with increasing peak densities from June
unti) November, when populations drop sharply
until spring (Roderick 1987; Dachler unpublished
data). Trigonotylus uhleri was not recorded to occur
on the Pacific Coast of North America prior to our
1993 collection in San Francisco Bay (identified by
T. ]J. Henry, Systematic Entomology Laboratory,
United States Depariment of Agriculwure). During
the summer of 1993, T uhleri reached densities as
high as 10 individuals per mature culm of §. alter-
niflora.

FiELD MAXIPULATION OF
InsecT DENSITIES

To evaluate the influence of herbivory on plant
growth and reproductive output, insect herbivores
were killed on individual clones of S. alterniflora in
the field using a contact insecticide, 1:50 Safer In-
secucidal Soap (Safer Inc., Newton, Massachuseus,
USA}. We tested for effects of this insecticide on
the growth of S alterniflora (see Effects of insecii-
cide on plants, below). A total of 16 circular clones
were used 10 evaluate the effects of herbivory on

plant growih in the field. Clone sizes ranged from
1.5 m to 2.5 m in diameter, and each was separated
from surrounding planis by 1-3 m of open mud.
Half of the clones were randomly assigned to be
sprayed with insecticide followed by a freshwater
rinse. The remaining eight control clones were
sprayed with only a freshwater rinse. Spraying was
done weekly for 14 wk, beginning in early Julv and
ending in mid October. During a 3wk period be-
ginning in late August, spraying was done twice per
week, since a large cohort of winged adult £ mar-
ginata recolonized sprayed patches more rapidly
during that dme, To measure the effectiveness of
insecticide spraying, herbivore densities were esti-
mated on control and inseclicide-sprayed plots on
several dates, both just prior 10 spraying and mid-
week after spraying. Densitivs were estimated by
counting all herbivores on five different stems of
a clone. Counted stems were chosen randomly
with the constraints thal stems were approximately
average height for the clone and could be counted
without trampling the clone. Counts from at least
four different conuel and spraved clones were
used 1o estimate herbivore densities during each
census. This procedure proved 1o be very time con-
suming, especially on conwuol clunes, so counts
could nat be made every week.

EFFECT OF INSECTICIDE ON PLANTS

Initial greenhouse trials had shown that long-
termm, repealed spraying of S. alterniflora with Safer
Insecticidal Soap could cause etivlation of leaves
under the following conditions: spraying during
strong sunlight and high leafl temperature (above
about 28°C, also not advised by the manufacturer);
allowing residue 10 build up on leaves as a result
of repeated spraying and drying. We ook several
sleps to ensure a minimum effect of the insecticide
on our field plants. To avoid strong sunlight and
high Jeaf temperatures, we usually sprayed within
1 h of sunrise, and never more than 3 h past sun-
rise. After sprayving with inseciicide, we rinsed
clones with fresh water to eliminate build-up of res-
idue. Tides normally flooded the clones wwice daily,
removing any remaining residues from most leaves
and washing away residue from the mud beneath
clones,

We conducted experiments to test the effect of
a similar reatment regime on greenhouse plant
growth. In the first experiment, a total of 40 ppucd
S. alterniflora seedlings of approximately uniform
size were used. Half were randomly assigned 1o be
sprayed weekly with insecticide followed by a fresh-
water rinse. The controls were rinsed with fresh
water only. These plants were fertilized biweekly
with a solution of Plantex 20-20-20 ferilizer. In the
second experiment, seeds were germinated from
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"10 different clones from the field site and a pair
of similar-size seedlings was chosen from each ma-
ternal clone. One seedling from each pair was ran-
domly zssigned to be sprayed with insecticide while
the other was sprayed with water. These plants were
fertilized twice per week with the same fertilizer
solution as the first experiment. The experiments
were carried out for 10 consecutive weeks, and dur-
ing the last 3 wk plants were sprayed twice per
week. Al the end of the experiment, plants were
harvested, dried to a constant mass at 70°C, and
compared between treatments.

VEGETATNVE GROWTH RATES IN
THE FIELD -
Prior to the first spraying in early July, five mid-
sized stems (about 30 c¢cm tall, hereafier referred
1o as juvenile stems) and 10 small shoots (about 15
cm tall, hereaftier rcferred to as shoots) were
marked on each clone using numbered flags. The
height of each of these stems was measured weekly
during the course of the experiment. Stem height
is strongly correlated with dry mass of stems in S.
alterniflora (Nixon and Oviau 1973), Using stems
collected from our study site, a logarithmic trans-
formation of both height and dry mass yielded a
correlation of r = 0,983 (n = 3], p < 0.001). .
To compare vegetative growih rates benveen
sprayed and conwol clones, we used a discrete
measure (McGraw and Garbutt 1990} of relative
growth rate (RGR],

RGR = (h,., = h)/h,

where h, is the height at time ¢t and h, . ; is the
height 1 wk later (e.g., Thomas and Bazzax 1993},
Because height is strongly correfaied with hiomass,
this measure of growth is dircctly proporiional 10
growth rate measurcd by change in biomass (Dach-
ler unpublished results).

[ ATERAL SrrREAD IN THE FIFLD

In early July, a 3-m-long wire was pressed in the
. mud as a light semicircle around the edge of each
circular clone. Authat time, no shoows were outside
the wire. The wire was held firmly in place with
several stakes. In mid-October, we counted the
number of new shoots outside the wire to quantify
lateral spread. ‘
SEXUAL REPRODUGTION IN THE FIELD |

At the conclusion of the field experiment in ear-
ly November, all inflorescences from the 16 exper-
imental clones were harvested just prior to natural
loosening of the spikelets. The relative number of
inflorescences (per m”) were determined as a mea-
sure of allocation 1o flowering. All spikelets were
then counted and the proportion of spikelets con-
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taining seed was used as a measure of seed pro-
duction.

GREENHOUSE HERBIVORY EXPERIMENT

In mid July, §. alterniflora seedlings were potted
with a mixwre of 25% Bodega Bay mud and 75%
Vermiculite (by volume} into 4 cm diameter X 15
cm deep growth tubes and placed into four trays,
Each tray contained a total of 30 piants, with five
individuals from each of six different maternal
families. The position of each individual within a
tray was randomized and plants were generously
spaced to minimize edge effects. Three travs of
plants were then inoculated with B marginate and
T. uhleri collerted from the field (initial densities:
approximately 5 R marginala per plant and ap-
proximately 0.25 T, uhleri per plant}. Insects were
ohserved 1o move readily bertween plants within in-
oculated trays by hopping; insect densities were de-
termined from biweekly counis. The fourth tray of
30 plams served as a herbivore-free control. Plants
were grown on the same greenhouse bench and
the position of trays was rotated biweekly to mini-
mize lighting effects. To prevent colonization of
the control plants by herbivores, the control tray
was always separated from the infested planis by a
1.5 m-wide barrier of dead, dried S. alterniflora
stems. This barrier was approximately the same
height as the initial experimental plants and was
highly effective. The occasional insect observed on
control plants was immediately removed by hand.
Biweekly, ecach tray was given 1 g of Plantex 20-20-
20 fertilizer dissolved in water; growth tubes were
kept saturated with fresh water. After 12 wk of her-
bivory, plant shoots and roots were dried to a con-
stant mass at 70°C. Dry mass and number of shoots
por plant were compared between herbivore treat-
ment and control plants.

STATISTICS

Statistical analyscs were performed using the
SYSTAT system (Wilkinson 1990). Differences in
growth rate between insecticide-treated and con-
trol clones in the field were tested using ANOVA
with clone nested within treatment {(insecticide ver-
sus control). Growth rates were treated as repeated
measures (Sokal and Rohlf 1981; Neter et al.
1990). Treatment means were then compared for
cach mcasurcment time using univariate F-lests
corrected for multiple comparisons by a sequen-
tially rejective Bonferroni procedure (Holm 1979).
Separate ANOVAs were used for the measurements
of juvenile stems and measuremenis of shoots,
since the timing of growth was not directly com-
parable {juvenile stems reached maximum height
much earlier than shoots). Growth rate measure-
ments loward the end of the season could not be
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TABLE 1. Effect of insecticide treatment on the growth of
greenhouse Spariine wlerniffora planis. Measuremients were
made on plant dry mass (g) and ave given as 21 standard de-
viulion,

Caenirad

) Pl
Biweekly Fertlizer Addition

Ineccticide

Aboveground biomass ¢.321 = 0.078 0.34] = 0.072 (0418
Toul plant biomass  0.772 = 0.154 0.873 x 0.234 0.115

Twicesweekly Ferilizer Addilion

78% = 584 B6! = 519 (ALY
10.74 = 7.60 1232 = 7.34 0.35]"

Abuveground bivmuass
Total plant biomass

* Independent samples 1-est between insecticide-sprayed and
comrol (water spraved) plants, n = 40.

b paired sumples tiest between pairs of sibling seedlings of the
same inital size, one sibling spraved with insecticide, the other
sprayed with water, n = 20.

analyzed using the ANOVA because many zevos in
the data violated the assumption of normaliry (al-
though heteroscedasticity was not a prohlem). For
these end-ofsseason meusurements we used e
nonparametric Mann-Whiwney U statistic to com-
pare mean growth rates of insecticide-treated and
conwrol clones {Daniel 1990). Lateral growth rate
and relative number of inflorescences were com-
pared between spraved and control clones using t-
1esls assuming separale variances (Wilkinson
1990). The greenhouse herbivory experinient wus
analyzed with ANOVA using initial plant height us
a covariate. Tray and family were treared as main
effects. We then 1ested for significant differences
among the trays using a Tukey test for muliiple
comparisons (Neter et al. 1890).

Resulis
EFFECT OF INSECTICIDE ON
GREENHOUSE PLANTS

For both greenhouse experiments, there were
no significant differences benwveen the insecticide-
sprayed and conirol greenhouse plants isnn either
aboveground plant biomass or total plant biomass
(Table 1, t-tests), indicating that our spray treat-
ments do not significandy affect the growth of S
alternijlora,

IMPACT OF INSECTICIDE ON
HERBIVORE DENSITIES

Virtually all herbivores counted on insecticide-
reated patches were immigrants from surround-
ing plants, since the insecticide proved exwemely
cffective in killing insects at the time of spraying.
Mid-week censuses showed that sprayed clones av-
eraged herbivore densities that were 10-30% of
controls. A full week after spraying, herbivore den-
sitics on insecticide-treated clones usually averaged
less than 50% of those on control clones (Figs. |
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Fig. 1. Mean number of Prokelisvia saiginata per stem on con-

wol Spaviing alierniflora plants during the course of the herbi;
vare reduction experiment (thick line, right axis, log scale, er-
vor bars indicate 1 SE) and mean P marginaia densities on in-
seclicideareated plans, expressed as percent of conwrol plants
{Yeft axis, thin Jine). Dates of insecticide westiment are indicated
by zero £ marginata densities on the Iefi axis. Inseclicide-wremed
clones uscally carried far dess thin half of the herbivore load of
conrol clunes, lnsecr censuses were 1erminied afler Seplen-
ber 21 {week 10): however, insceticide vrannens continued
through Ocober {week 14).

and 2). Throughout the experiment, the range of
mean £ marginale densilies on insecricide-trealed
plants a full week after insecticide reatment was
40-177 insecis per stem, while control clones av-
eraged 113-353 insects per stem.

Erreers oF HErRBIVORY-FIELD S1Uhy
For growith measurements on juvenile stems,
there was a significant difference between insecti-
cide-treated and conuol clones only during the
first week following sprayving, with insecticide-treat-
ed clones having a more rapid growth rate (Fig.

130 = 10
8 [*
-
Tg,, 100 4 .‘_g‘
. E% y b1 -_§ "
£E w9 e
v e - =
£ £
&g B W
tz % v g 5
=5 i ==
z % TT
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% :n . %
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a2 o . ' ' 1t 12
oy 2 Week Sept 21
Fig. 2. Mean number of Trigenoiylus ublei per stem on con-

trol Spartina allerniflora planis during the course of the herbi-
vore reduction experiment (thick line, right axis, log scale, er-
ror bars indicaie 1 SEj and wean ¥ whierd densities on insecti
cide treated plunts, expressed as percent of control plants (left
axis, thin line). Censuses of 11 uhleri were not begun uniil week
8 and were terminated whier week 10, Inseciicide reatments
were continued through QOctober (week 14).
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Fig. 3. Field vegetative growth rates {g g=' wk™'} measured
from juvenile (inidally abous 30 ¢ @ll} stems of Sparting alter-
niflora Jollowed over summer on insecticide-treated {open
squares) and control clones (solid diamonds), Asierisk indicates
significant difference berween inseclicide-treated clones and
controls (only on week 2}, (Bonferroni test for multiple com-
parisans, p < 0.03}, Growth raie declined through the summer
and averaged near zero by week 10, Disgrete growth rate was
measured as (height at week x + 1 — height at week x}/(height
at week x}. This measure is strongly correlated with growth rates
measured from dry mass.

3). For growth measurements on shoots, there was
a significant difference only after the second weck
of measurements, with shoots from insccticide-
treated clones growing more rapidly (Fig. 4). Bath
juvenile stems and shoots showed a significant ef-
fect of time, decreasing in growth rate through the
season; however, shoots also showed a significant
interaction of time and cdlonc (p = 0.004), sug-
gesting that different clones showed different pat-
terns of growth over time. There was no treatment
X time interaction (p = 0.441). Insecticide-treated
and control clones produced a similar number of
inflorescences and both had equally low rates of
seed set (Table 2). The rate of lateral spread was
found to be positively correlated with clone area.
This correlation was effectively removed by divid-
ing the number of new shoots outside the marking
wire by clone area. Using this relative measure,
there was no difference between mean rate of
spread of insecticide-treated and control clones
(Table 2).

EFFECTS OF HERBIVORY, A GREENHOUSE
STupy
One week following inoculation of greenhouse
plants, P2 marginata densities averaged about 4 per
plant (approximately @ g~! aboveground dry mass,
compared to approximate field densities at the
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Fig. 4. Field vegetavve growth rates (g g~' wk™') measured
from shoats (initially about 15 em 1all) of Spartina alterniflera
followed over summer on insecticidetreated (open squares)
and control clones (solid diamonds). Scale differs from Fig. 3,
Asterisks indicale significant differences between insecticide-
treated clones and controls {only on week 4) (Bonferroni test
for muliiple eomparisons, p < 0.05). Growth raes approached
zern by week 13 Discrete growth raie was measured ac (heigh
at week x + 1 — height a1t week x)/(height at week x). This
measure is strongly correlated with growth rates measured from
dry mass.

uime of 15 g7! plant dry mass). By week 6, green-
house densities had increased to levels similar to
those in the field, and by week 10, following emer-
gence of a large second cohort of eggs, green-
house plants averaged 40 P marginafa g=! dry mass,
while field plants only averaged 21 F marginata g~!
dry mass. Densities of 7. uhleri on greenhouse
planis were similar to ficld densities throughout
the cxperiment, averaging about 1 T, uhleri g=' dry
hiomass.

In the greenhouse herbivore treatments, six out
of 90 seedlings died, while none of the 30 control
secdlings died. The seedlings that died were some
of the smallest individuals at the start of the ex-
periment (all less than 15 ¢cm tall) and all dead

TABLE 2. Reproductive outpul and vegetative spread of Spar-
lina slterniflore clones in the field with natural herbivory {con-
trol) and reduced herbivory (insecticide). p-values are given for
t-1es1s assurning unequal variances. n = 8 clones per treathent.

Insecicide Conwoel prvatue
Reproductive output
Clones naot flowering 1 1
Inflorescences m~*? B2 + 7.8 144 = 136 0.28
Percent seedsel 0.82 = 0,18 044 = 081 076

Vegeiative spread

New sprout m-! 68 *34 10764 016
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1.0

Dry Mass per Plant

0.0 +B% -
No Herbivory Merbivory

{tray 1)

Herbivory
(tray 2)

Herbivory
{tray 3)

Fig. 5. Meun dry mass (g} of greenhouse plants without ber-
bivory and greenhouse plants from three different wrays sub-
Jecred 10 herbivory by Pokelisia marginata and Trigonetylus uhien
for 12 wk. Error Lars indicate Y5% conhdence imervaly {Tuhey
HSD method) and the usierisks indicate 2 significant difference
between herbivory and no herbivory plans (p < 0.05). Each
replicate tray was inoculated with similar numbers of herbivores.
Herbivore densities were similar 10 thase gbserved in the feld,

seedlings had grown less than 2 cm before dying.
Dead plants were excluded from the statistical
analyses.

Because aboveground biomass was found (o be
surongly correlated with total biomass (r = 0.951),
an ANOVA was run only on total plant biomass,
transformed logarithmically to fulfill assumptions
of normality and homogeneiry of variance. There
was a significant overall effect of ray (p = 0.033);
however, comparison of wreatment means bemween
the no-herbivory tray and herbivory trays shows
that only one of the herbivore uweavment ways had
significanudy lower mean plant biomass than the
control tray {Fig. 5). There was also a significant
family effect for 1owal plant biomass (p < 0.001),
but no interaction between family and treatment
(p = 0.33).

In testing the effect of herbivery on 1ol num-
ber of shoots, the data were [og-transformed 1o ful-
fill the major assumpuons of ANOVA. There was a
significant effect of wray (p = 0.043}. Examination
of the means between the conuol tray and the her-
bivory trays showed that two herbivory trays aver
aged significanudy fewer shoots than the control
tray, but the third herbivory tray did not differ
from the control (Fig. 6). There was a significant
effect of family (p = 0.001} on shoot number and
there was a significant family X tray interaction (p
= 0.004). This intcraction became nonsignificant
when one fainily that had shown an increase in

Number of Shools per Plant

Na Herbivory Herbivory
(tray1)

Fig. 6. Mean number of shoots on greenhouse plants with-
out herbivory and greenhouse planis from three different uays
subjected o herbivory by Frokelisic marginata and Trigononlus
uhlmi fur 12 wk, Error bars indicaie 5% cunfidence intervals
(Tukey HSD method) and the asierishs indicuwe a significant
ditference between herbivory and no herbivary plants (p <
0.05). Each replicate tray was inoculated with similar numbers
of herbivores. Herbivare densities were similar 19 those ob-
served in the field. )

Harbivary
{ray 2)

Harbivory
{tray 1)

mean number of shoots in the herbivore treatment
was excluded from the analysis.

Discussion
HERBIVORY AND VEGETATNE GROWTH

Qur manipulations of herbivore densities in the
field suggest that the extraordinarily high P mar-
ginata and 7. ulleri densites have little consistent
effect on vegetative growth rates of S. alterniflore in
San Francisco Bay. The analyses based on shoos
and juvenile siems had the power 1o detect ap-
proximately 12% and 20% differences, respective-

Iy, berween mean growth rates of insecticide-treat-

ed and conwol plant during a given week of
growth (at a family-wide significance level of 0.03}.
Greater differences in growth rates might have
been observed in the field had we been able to
exterminate continuously all herbivores on the in-
secticide-treatment clones; however, given the mar-
ginal differences observed in the greenhouse
where control plants were virtually herbivorefree
and environmental variance was minimized, we
doubt if a large difference would have been found
had all herbivores been exterminated in the field.
The greenhouse study had the power to detect ap-
proximately a 25% difference in dry mass between
herbivore and herbivore-free plants (at a signifi-
cance level of 0.05), -

Qur study lasted for only one growing scason
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and there is a possibility that long-term, chrenic
herbivory by these sap-feeding insects may be slow-
ing the vegetative spread of S. alterniflora. This hy-
pothesis is not supported by a comparison of rates
of lateral spread in San Francisco Bay, where plants
suffer herbivory by £ marginata and 7. uhlen, and
in Willapa Bay, Washington, where no insect her-
bivores attack 8. afterniflora. At both invasion sites
the rates of lateral spread are similar, ranging from
0.5 m yr-' to 1 m yr~} (Sayce 1988; Dachler un-
published data).

In other studies of the effects of sap-feeding in-
sects on plants, highly significant reductions in
plant growth or survival have been ohserved, usu-
ally within 8 wk of the herbivore manipulations
(e.g., Kantack and Dahms 1957; Mittler and $-
vester 1961; Mallott and Davy 1978; Kamm 1979,
Wood et al. 1985; Reed and Semtner 1992; Deber-
ardinis et al. 1994}, In most of these studies the
plants were perennials, and the plants were always
of agricultural importance. Not surprisingly, these
studies document large effects of sapfeeders be-
cause the herbivores studied were recognized a
priori as causing major economic losses in the
crops. .

On the other hand, in a noncrop plant {Salidago
altissima), aphid feeding had no detectible effect
on plant growth (Meyer 1993). More studies on
sap-feeders of non—crop plants are needed to eval-
uate the range of impacts that sap-feeders might
have on plant vegetative growth in nature. We sus-
pect a bias toward reporting strong effects of her-
bivores on host plants. The large body of literature
reporting major effects of sap-feeders on agricul-
tural crops may not be relevant to natural systems
given recent evidence suggesting wild planis may
be more tolerant to herbivory than their domesti-
cated crop relatives (Weller and Steggall 1993).

HErBVORY AND PLANT MORTALITY

In the greenhouse study, herbivory did appar-
ently kill a few of the smallest seedlings. The im-
pact of herbivory on seedlings was expected to be
higher than on established plants because seed-
lings lack the belowground reserves of adult clones
(Harper 1977). On San Francisco Bay mud flats,
we have never found evidence that insect herbivory
alone causes death of seedlings, established clones,
or even individual dllers. In the field, many seed-
lings grow alone on open mud and have virtually
no herbivores. Interestingly, a potentially impor-
tant cause of shoot mortality in the field is herbiv-
ory by rodents. Tracks and scats from unidentified
rodents (either the muskrat, Ondatra zibethica, or
black rat, Rattus rattus, both introduced) were of-
ten observed in the mud beneath S. alterniflora
where young shoots had been freshly gnawed near
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their bases. Attacks were patchy but thorough, with
20 or more young shoots being gnawed during sin-
gle feeding bouts. During the course of the grow-
ing season, but primarily toward the end of the
season, 19% of all our marked shoots were chewed
near the base by rodents. These shoots always died
(and were excluded from analysis after being
chewed}. But 8. glterniflora is known to tolerate
grazing and mowing, and in some cases, mowing
plants as a control measure may even increase
plant growth rate, stimulating the production of
additional new shoots (Aberle 1990; M. Taylor per-
sonal communication). Van der Meijden et al.
{1988) have suggested that a high root:shoot ratio
may be an indication of ability to tolerate high her-
bivory, since these plants may have excellent re-
growth capacity. The root:shoot ratio of 8. alterni-
Jlora vpically ranges from 1 to 2 (Smart 1986},
comparable to that of Senecis, a plant cited as her-
bivory tolerant by van der Meijden et al. (1988).

HERBIVORY AND SEED PRODUCTION

Spartina alterniflora clones vary greaty in seed
production in $an Francisco Bay. Most clones set
very few seeds (Daehler and Strong 1994). Redue-
ing herbivory with insecticide reatments did not
increase seed set in Lhe present study. Previous
work in §. alterniflora’s native range showed that
herbivores damaged many ovules and anthers,
causing reduced seed set (Bertness and Shumway
1992). The primary herbivore causing damage in
that study was a grasshopper, Conocgphalus sparti-
nae, which is not present in San Francisco Bay. Sap-
feeding insects have been shown to reduce seed
sel in some grasses, causing silvertap-white inflo-
rescences with withered siems (Starks and Thurs-
ton 1962; Kamm 1979). Silvertop culms usually set
no seed, We have never observed the symploms of
silvertop on 8. alterniflora, although seed set is of-
ten very low independently of herbivory.

Other evidence that suggests sap-feeding insects
in San Francisco Bay have very litle effect on seed
set comes from a comparative study of seed set in
Willapa Bay, Washington (USA) (Daehler and
Strong 1994). Spartina allerniflora introduced to
Willapa Bay has spread in the absence of all insect
herbivores, yet clones in Willapa Bay have a similar
frequency distribution of seed set to those in San
Francisco Bay, with most clones setting very few
seeds. When secd set is Jow due to factors that may
be intrinsic to the plant (like seed abortion), the
relative effects of even heavy herbivory on seed set
may be minor (e.g., Traveset 1994). Seed setin this
primarily outcrossing invader may be limited by vi-
able pollen, or aboruon of fertilized or unfertlized
ovules due 1o recessive lethal alleles (Weins et al.
1987} rather than herbivory.
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POTENTIAL FOR HERBIVORE
CONTROL OF S. ALTERNIFLORA

The growth of the herbivore populations is sea-
sonal and distincdy correlated with the above-
ground growth of 5. alterniflora. Sparse herbivore
populations in May and June increase 1o very
dense populations in September and October,
which then drop rapidly during November (Rod-
erick 1987, Dachler unpublished data}. The pop-
ulation crash of herbivores in November is proba-
bly the result of mortality due to seasonal changes
in plant nirogen. Nitrogen content in all above-
ground parts of 5. alterniflora drops rapidly in late
fall as mature stems die (Squiers and Good 1974).
Seasonal changes in plant nitrogen occur indepen-
dent of herbivory, and the accompanying herbi-
vore populauon crashes suggesting this paricular
set of species in the 8. alterniflora food web in San
Francisco Bay is primarily donor-controiled
(Strong 1992}; the primary producer conuols pro-
duction of herbivores, carnivores, and detritvores,
with consumers having little if any reciproeal ef.
fects upon levels of their resource species. The par-
asitoid Anagrus delicatus kills some eggs of P mar
ginata, but the mortality is low and inversely den-
si<dependent (Stling and Swrong 1982; Swrong
1989; Cronin and Suong 1990), so the top-down
effects of natural enemies on £ marginata are min-
imal in San Francisco Bay.

One possible reason why high herbivore densi-
ties have so litde effect on 5. alterniflora is that the
plant suffers no interspecific competition. It grows
uncrowded, invading rich, open mud. Under these
conditons, siresses due to light and niwrogen lim-
itatons are reduced in comparison with estab-
lished stands. Herbivory can be most effective in
damaging plants growing under suessed condi-
tions like high plant density (Lee and Bazzaz 1980;
Dirzo 1984). Ofien, herbivory can regulate a plant
population indirecdy by aliering competitive hier-
archies among plant species, making the auacked
species more vulnerable 10 interspecific compeu-
ton (Crawley 1983; Couam et al. 1986; Louda et
al. 1990). In the case of the monospecific S. alter-
niflora communiry of the lower intertidal, there are
no plant competitive hierarchies for herbivores to
alier, possibly making herbivore reguladion of this
plant especially difficult. In some cases, nirogen
supplements have been necessary for successful
herbivore control of an inuwoduced plant growing
in monospecific stands (Thomas and Room 1986).
In its pative environment, §. alterniflora supple-
mented with niwrogen fertilizer did have higher
herbivore densities; however, ferilized planis also
had increased standing biomass (Vince et al

1981), the opposite of what would be expected if
herbivory were regulating plant biomass.

From both the field and greenhouse results of
this study, it appears unlikely that herbivory by
high densites of the sap-feeding insects P margin-
ata and T. uhleri alone will be able to control the
invasion of 8. alterniflora in San Francisco Bay.
There is no evidence that feeding by these insects
alone has an important effect on vegetative growth
or seed production in the field. Other insects na-
tive to the Atlantic Coast of North America could
act more cffectively as biocontrol agents, especially
if introduced without parasitoids. For example, in-
sects with stem-boring larvae that kill meristems,
like Chilo plejadelltus (Lepidoptera), and inflores-
cence-killing midges like Calamomyia alerniflorae
(Swong et al. 1984) would seem to have greater
potental for controlling $. alterniflore; however,
their introductions would require extensive, pre-
release screening 10 ensure that no other plant
species were auacked.
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Sierra Nevada Runoff into San Francisco Bay — Why Has It Come Earlier Recently?
Mike Dettinger, Dan Cayan, and Dave Peterson

USGS, San Diego

By the time most of the Sierra Nevada
snowpack has melted each summer,
freshwater outflows from the Sacra-
mento-San Joaquin Delta to San Fran-
cisco Bay are typically smali, even after
the wettest winters. These small delta
outflows during the warm months (in
com*parison with the large flows of
winter and spring) are overwhelmed
by salty coastal waters, and the bay
becomes more and more salty as sum-
mer progresses. Because loniger low-
flow seasons allow the bay to become
saltier, timing of the Sierra Nevada
snowmelt and runoff, which are the
source of the delta flows, has a pro-
found influence on the salinity ot the
bay and, thus, can affect its ecosys-

tems (Peterson et al 1995).
Co ently, arecent tendency toward
earlier snowmelt and runoff — de-

scribed in this article — is a matter of
concern. Is it a symptom of global
warming? Is it a response to local or
regional urban heat-island effects? Or
isitjustanormal gfgf of the variability
of C]ahf ornia’s hydrology? These possi-
bilities raise concerns also about how
much earlier the low-flow seasons in
San Francisco Bay might begin in the
future if the observed trends continue

and how well the bay ecosystems will
be able to cope with the flow-timing
changes. _

The “earlier runoff” trend was first
noted by Maurice Roos, DWR, in 1987
(Roos 1987). Although it has much

ear-to-year variability, the runoff-
z.rmn' ing trend can be detected by eye
(Figure 1a) and is significantly differ-

ent from random-chance occurrences

according to a range of statistical tests
(Dettinger and Cayan 1995). Since
early in the century, theaverage April-
June fraction of annual runoff has
diminished from almost 50% to less
than 40%. The trend toward smaller
late-spring and early-summer fractions
of each year’s streamflow from the
Sierra Nevada is shown in Figure la.
This trend has been compensated for
by a subtler set of opposite trends
toward more winter and early-sprin
streamflow during the same period.
The influence of these monthly trends
on the overall iming of streamflow in
the American River near Sacramento
is shown in Figure 1b, in which the
average recent flow regime is com-
Eared with the average flow regime
om 30 years ago, when flows usually
peaked almost a month later. Inspec-

tionof alarge collection of streamflow
records indicates that similar changes
occurred throughout much of the
western United States. A clue to their
origin is that in the Sierra Nevada
these c_hanges aremost accentuated in
middle altitudes and are muted in
streamflow records representing very
high (more than 2,500 m) or very low
(less 1,000 m) altitudes.

The mechanism involved in these
trends is mostly a hastening of the
peak snowmelt period in recent dec-
ades in response to an observed trend
toward warmer Januaries, Februar-
%;s, and I\)daiches;ﬁ the Sierra Nevada
igure 2). Actually, this temperature
mfﬁlérnce is somev\)r’hat smpriging, be-
cause historically the dominant con-
trol on seasonal runoff-timing
fluctuations has been precipitation
timing rather than temperature
(Cayan ef al 1993). Since the Jate 1940s,
however, temperatures throughout
the year in the Sierra Nevada have
increased, with the January-March
season experiencing the greatest
warming, a total of about 2°F) in 50
I)Eears (Dettinger and Cayan 1995).
ing the same period, i]f:)recipitation

timing has shown little if any overall
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Cordgrass Invasions Likely in Northern San Francisco Estuary
Donald R. Strong, University of California, Davis, Bodega Marine Laboratory

Open intertidal mud without vegeta-
tion is a hallmark of Pacific estuaries,
in contrast to Atlantic and Gulf Coast
estuaries where vast stands of mono-
cots prevail. Smooth cordgrass,
Spartina alterniflora, is the most ag-
ssive of these intertidal plants; it is
g:;se and tall, with thick, solid turfs
of roots. Estuaries comprise a far
smaller fraction of the Pacific than At-
lantic and Gulf coasts of North Amer-
ica, and open mud without intertidal
grasses is key to the ecology of the
eologically young communities in
ow-energy intertidal environments
of California, Oregon, and Washing-
ton. The openness of intertidal mud is
crucial to shore birds, some marine
marmmmals, fish, and invertebrates, as
well as flood control, recreation, navi-
gation, and the esthetics of our Pacific
estuaries.

Smooth cordgrass has been inadver-
tently and purposefully introduced to
several Pacific estuaries where it has
spread, covered alarge fraction of pre-
wouilg open mud, and caused great
i iate economic harm to naviga-
tion and fish. The longer-term threats
of these invasions include loss of pre-
cious foraging areas of shore birds
and larval fish, as well as wholesale
sediment accumulation and severe
channelization. In San Francisco Bay,

smooth cordgrass has spread since
the early 1970s from its introduction
Iéﬂiﬂt to many sites in the south bay.
logginﬁ the Alameda Flood Control
Channel, it is now the object of an
expensive and ecologically hazard-
ous aerial herbicide spraying cam-
aign. The longer-term threats to
irds, fish, and water management
are enormous. A special threat in the
bay is to the noninvasive California
cordgrass, Spartina foliosa, which re-
mains high on the intertidal gradient
and is the habitat of the California
clapper rail and salt marsh harvest
mouse, both endangered species.
Smooth cordgrass over'érows alifor-
nia cordgrass and probably hybrid-
izes withit.
North San Francisco Bay, San Pablo
Bay, and Suisun Marsh are likely sites
of invasion by smooth cordgrass. Sa-
linity and tides in these areas are per-
fect for this alien. Fortunately, most
seed produced by smooth cordgrass
in the bay area is sterile, and spread
here is mostly by clonal growth and
fragmentation. Many clonal frag-
ments break off in chunks of mud as
large as an ice chest or larger. How-
ever, waves wash the mud away and
leave the light-colored fibrous root
masses to float or be carried to a new
site. Most root masses are at least the

size of one’s fist and are attached to a
green stem with bilateral leaves. The
stems and leaves can be up to a meter
long in late summer, but even a small,
stemless root mass can be a vigorous
propagule. The most likely means of
dispersal of root masses from the
southern to the northern parts of the
San Francisco estuary is madvertent
transport on dredges and other ves-
sels, on boat trailers, or in bait or live
seafood containers (smooth cordgrass
was introduced to Willapa Bay, Wash-
ington, as oyster packing material).

The hopeful aspect of the likely
smooth cordgrass colonization of the
northern San Francisco estuary is that
yountg, small colonies can be eradi-
cated with the legal herbicide Rodeo,
or even removed by hand. Young
colonies are lime green, roun
patches of grass in the intertidal mud,
usually close to mean high water. So
far, all cordgrass that we know of in
the northern parts of the San Fran-
cisco estuary is the native and valu-
able California cordgrass. Youn
colonies of the two species are difficult
to distinguish, butany reddish colora-
tion of upper roots or lower stems
indicates ‘the noxious alien, smooth
cordgrass.

Interagency Program Technical Reports Since 1993

No.  Year Title
M4 1993 Proceed‘més of the Ninth Annual Pacific Climate (PACLIM) Workshop
. Redmond, V. Tharp, editors
35 1993 Observations of the Early Life Stages of Delta Smelt, Hypomesus transpacificus, in the Sacramento-San Joaquin Estuary
in 1991, with a Review of Its Ecological Status in 1988 to 1990
J. Wang, R. Brown
36 1994 Proceedings of the Tenth Annual Pacific Climate (PACLIM) Workshop
]E Redmond, V. Tharp, editors
37 - 1994 Delta Agricultural Diversion Evaluation 1992 Pilot Study
5. Spaar
38 1994 Long-Term Trends in Benthos Abundance and Persistence in the Upper Sacramento-San Joaquin Estuary —
Summary Rﬁ)ort: 1980-1990
Z. Hymanson, D. Mayer, . Steinbeck
33 1994 Seasonality and Quality of Eggs Produced by Female Striped Bass (Morone Saxatilis) in the
Sacramento and San Joaquin Rivers
J. Arnold, T. Heyne
40 1995 Proceedings of the Eleventh Annual Pacific Climate (PACLIM) Workshop
. C. Isaacs, V. Tharp, editors
41 1595 Food Habits of Several Abundant Zooplankton Species in the Sacramento-San Joaquin Estuary

J. Orsi
42 In Review

Estuarine Ecology Team

43 In Review
1988 to 1994
]. Wang
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Comments on a Peripheral Canal

H.K. Chadwick

My commentsarein response toan
article on a peripheral canal! publish-
ed in the Interagency Newsletter a year
ago.

& First, my comments pertain to the
concept of moving all CVP/SWP
southern delta diversions to the Sacra-
mento River rather than to a specific
physical structure. Thus, my com-
ments largely ignore important issues
associated with the specific physical
structure, which would affect the
biological consequences substantially.
This concept reflects my bias that if
one builds a large conveyance facility
to the Sacramento River, it is prob-
ably unwise biologically to continue
diverting the relatively small remain-
ing flows in the San Joaquin River.

I agree with the basic point in Wim's
discussion that the well-being of some
aquatic resources depends primarily
on factors associated with outflow and
that those resources would receive no
benefit from a peripheral canal. Strong,
evidence suggests that longhn smelt,

starry flounder, and Crangon francis-
corum are in this category. One won-
ders how many aquatic resources
have such fléw-dependent effects. A
particular need is to explore evidence
as to whether primary and secondary
productivity in the lower estuary are
related to flow.

In any event, certain resources in
the estuary clearly depend on adequate
outflow, regardless of the physical
systemn used to divert water.

I also agree that a peripheral canal
offers benefits only for species ad-
versely affected by entrainment.
Wim'’s description, however, might be
interpreted as defining entrainment as
only including organisms actually
entering the CVP/SWP intakes. En-

trainment must be defined to include:

any organisms diverted from natural
migration paths or habitat by hydro-
dynamic changes caused by diversions
or structures built to accommodate the
diversions. The latter caveat is impor-
tant primarily to include effects of the
Delta Cross Channel.

Fish adversely affected by entrain-
ment include striped bass, delta smelt,
all races of salmon, white catfish,
American shad, and splittail. Some of
these, particularly striped bass and
delta smelt, almost certainly receive
important intrinsic benefits both from
outflow and by avoiding entrainment.
Statistical models are inherently weak
in quantifying the relative benefits of
outflow and avoiding entrainment, par-
ticularly for any new physical configu-
ration of the delta. Hence, considerable
uncertainty is probably inevitable in
assessing the benefits of a peripheral
canal or any other water diversion
facility.

Incidentally, regarding the conclu-
sion that entrainment losses are negli-
gible for Neornysis, the fact that Neomysis
move farther off the bottom during
flood tide than during ebb tide seems
like an important mechanism for
maintaining the location of the popu-
lation in the estuary. Might that not
make the population vulnerable to

1 Wim Kimumerer, BioSystems Analysis Inc. “The Peripheral Canal: What We Need to Do Before We Start Building™. Interagency Newsletter.
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Spread and Control of Alien Smooth Cordgrass in San Francisco Bay
Donald R. Strong and Curtis C. Daehler, Bodega Marine Laboratory

Openintertidalmud without vege-
tation is one of the most striking fea-
tures of Pacific estuaries. This
contrasts with estuaries of the Atlantic
and Gulf coasts, where dense tall
Spartina cordgrasses dominate. The
very character of Pacific estuarine
ecology is defined by its open mud.
Shore birds, some marine mammals,
fish, and invertebrates, as well as flood
.control, recreation, and general navi-
gation, depend on the openness of the
habitat. Spartina alterniflora, smooth
cordgrass, introduced to San Fran-
cisco Bay in the mid-1970s, is among
the most aggressive, dominant, and
persistent cordgrasses worldwide.
This plant grows into dense, tall thick-
ets that block the beach, cement the
substrate, and exclude animals,
Densely packed 5. alterniflora stems
alter marsh hydrology by hindering
tidal flow and drainage. Suspended
sediments precipitate, and the plants’
dense root mats trap and hold sedi-
ments, rapidly raising the level of the
invaded marsh. Introduced initially at
New Alameda Creek in the southeast
comner of the bay, the plant has spread
south to San Francisco Bay National
Wildlife Refuge and north along the
Hayward and Alameda shores. In the
west bay, S. alterniflora is rapidly in-
vading mudflats north and south of
the San Francisco Airport. The most
recent known colonization is at Red-
wood Shores, near Palo Alto.

Smooth cordgrass invading San
Francisco Bay grows clonally, forming
large, discrete, circular patches. These
circular patches show every indication
of being genetic clones, each formed
from a single seed or vegetative frag-
ment (Daehler and Strong 1994). There
appears to be great variation among
clones in ecological characters like
flowering phenology, stem size, and
rate of vegetative growth. We are now
dEVE]DPing high resolution genotypic
RAPD* markers to distinguish indi-
vidual genetic clones and trace their
spread. These markers will also be
useful in identifying possible hybrids
between S. alterniflora and our native

cordgrass, Sparting foliosa. The native
S. foliosa is endemic to California estu-
aries, growing only at the upper edge
of intertidal mud. Introgression and
competition withintroduced S. alterni-
flora are major threats to the native
S. foliosa in San Francisco Bay.

Qur research has concentrated on
understanding the biology of both
introduced and native Spartina of
the Pacific coast, with emphasis on
protecting the native and controlling
aliens. 5. alterniflora experiences little
in the way of interspecific competitors
in Pacific marshes, so it is lacking a
powerful ecological constraint upon
spread. The potential for natural bio-
logical control of the alien is great in
San Francisco Bay. A major insect her-
bivore of cordgrasses in the Atlantic,
the aphid-like plant hopper Prokelisia
marginata (Homoptera, Delphacidae;
Strong et al 1984), occurs in San Fran-
cisco Bay, with our native S. foliosa its
host (Daehler and Strong, 1994). It feeds
from the cordgrass’ vascular systemn,
througha proboscis or stylet, imbibing
phloem fluid that carries carbohy-
drates and amides. While only modest

population densities are attained by’

the plant hopper on the native Cali-
fornia cordgrass, densities commonly
climb to several hundred perstemand
many thousands per plant onthealien
S.alternifloraby mid-July (Daehlerand
Strong, in rev). The plant hopper also
attains extraordinarily high densities
on flowers of S. alterniflora. Numbers
between 200 and 300 per inflorescence
are not uncommon from July to Octo-
ber. In addition, we have discovered
a new alien insect herbivore species,
Trigonotylus uhleri (Homoptera, Miri-
dae), which grows to densities of
about 10 per stem and hundreds per
plant in some locations on S. alterni-
flora; it is as yet rare on the native
S. foliosa. T. uhleri feeds on the sap of
S. alterniflora, leaving distinct chlorotic
patches on the leaves. There is no infor-
mation about how T. uhlert, native to
the Atlantic seaboard, reached Califor-
nia, but its appearance demonstrates
that the traffic of introduced species to

San Francisco Bay is not limited to
organisms carried in ballast water.

Cordgrass inflorescences are com-
posed of hundreds of spikelets, each
of whichcanmake a single seed. Seeds
float, greatly augmenting spread of
the plant, and we hypothesized that
insect herbivory decreases seed set
and could thereby depress spread of
the weed. We found, however, that
this herbivory probably does not have
much depressive effect because most
S. alterniffora clones in Pacific marshes
set relatively little viable seed, even in
the absence of herbivory. Substantial
variation exists among clones, with a
small minority of clones accounting
for the lion’s share of viable seed.
We surmise that ovule and embryo
abortion may be occurring due to in-
breeding depression in this primarily
out-crossing plant. We are working on
pollination experiments that should
allow us to establish more definitively
the reason for low seed viability in
most ciones. We compared the viabil-
ity of field-collected seed from Willapa
Bay, Washington, where the plant has
also been introduced, with seeds from
San FranciscoBay (Figure1). Noinsect
herbivores of S. alterniflora have reached
Willapa Bay, yet there was no differ-
ence in viable seed set between plants
there and plants in San Francisco Bay.
We have found a similar lack of direct
effect of the high densities of P. margi-
nata on the vegetative growth of S.
alterniflora. We excluded most plant
hoppers from selected patches in the
field for 14 consecutive weeks. There
was no increase in the rate of vegeta-
tive growth of these patches (Daehler
and Strong, submitted). Greenhouse
experiments with seedlings, however,
demonstrate variation among clones
in ability to tolerate feeding by the
plant hopper.

Our most recent project is tounder-
stand an extensive die-off of 5. afterni-
flora at New Alameda Creek. Several
acres of the plant failed to produce
new shoots in 1994, and the plants are
apparently dead. With the dry winter
of 1993-94, New Alameda Creek had

1 Randomly amplified polymorphic DINA.
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Figure 1

Frequency Distribution of Percent Spikelet Germination

A = Clones sampled from Willapa Bay, Washinglon, grown in the absance of herbivores (N=50).
8, C= Clones sampled from San Francisco Bay, California, herbivory by P. marginata. [B=Ceyote Hills Siough, N=72; C=San Bruno, N=97,]
Germination distributions do not diffar significantly belwsen Willapa and San Francisco bays (Kolmogorov-Smimov 2-sample test, P>0.2.) (From Dashler and Slrong 1994)

little flow, and the stems of the pre-
vious year’s growth remained in situ
to form a thick layer of wrack Qur
hypothesis is that the young shoots
died due to an indirect effect of the

wrack, which can foster high densities
of the plant hopper. The tide sweeps
away many plant hoppers in wrack-
free environments, protecting young
shoots and seedlings. Although in-
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Summary of the Hydrodynamic Element of the Entrapment Zone Study

Jon R. Burau, USGS

Last spring the USGS hydrody-
namics group, in collaboration with
DWR, DFG, USBR, the USGS national
research program, Tiburon Center for
Environmental Studies, and Stanford
University, conducted an interdisci-
plinary investigation of the western
delta and Suisun Bay. This effort
involved 2-month deployments of in
stfu hydrodynamic instrumentation
during which three 30-hour synoptic
investigations were conducted. The
overall goal was to better understand
linkages between low-salinity hydro-
dynamics, suspended sediment, and
biology.

Specific objectives of the hydro-
dynamic element were to assess the
relative contribution from vertical proc-
esses (pg, gravitational circulation,
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strain-induced stratification, etc) onthe
overall salinity budget. Inaddition, we
hoped to determine net movement,
spatial extent, and interrelationships
between the turbidity maximum, the
null zone, and X2. This article gives an
overview of the hydrodynamic data
collection effort. Work is underway on
a report that describes details of the
experimental design, provides plots
of taw and low-pass filtered (tides
removed) data, and discusses prelimi-
nary results.

The hydrodynamic element in-
volved two complementary yet dis-
tinct components. The most important
component, from an analysis perspec-
tive, involved deployment of five
Acoustic Doppler Current Profilers
and seven self-coritained submersible
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Conductivity-Temperature-Depth
packages along the axis of the estuary
extending from Carquinez Strait to
about Decker Island on the Sacra-
mento River, as shown on the map
(page 5). The equipment was de-
ployed for about 50 days (April 11 to
June 20) to capture several spring/
neap cycles. In addition, the USGS
toxics group (Kathy Kuivila) collected
top/mid-depth Optical Back Scatter
data at Mallard Island and Martinez.
OBS data can be calibrated with grab
samples to measure suspended solids
concentration. Because time series
analysis techniques canbe used to “re-
move” the tides, the in situ data canbe
used to detect the presence or absence
of gravitational circulation, the null
zone, and sustained high turbidity.
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